Geospatial methods for aquatic conservation: Topeka shiner restoration site selection and the development of an Iowa watershed health assessment by Zambory, Courtney Lynn
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2018
Geospatial methods for aquatic conservation:
Topeka shiner restoration site selection and the
development of an Iowa watershed health
assessment
Courtney Lynn Zambory
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Natural Resources Management and Policy Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Zambory, Courtney Lynn, "Geospatial methods for aquatic conservation: Topeka shiner restoration site selection and the
development of an Iowa watershed health assessment" (2018). Graduate Theses and Dissertations. 16497.
https://lib.dr.iastate.edu/etd/16497
  
Geospatial methods for aquatic conservation: Topeka shiner restoration site selection 
and the development of an Iowa watershed health assessment 
 
by 
 
Courtney Lynn Zambory 
 
 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of  
MASTER OF SCIENCE 
 
Major: Fisheries Biology 
 
Program of Study Committee: 
Clay L. Pierce, Co-major Professor 
Kevin J. Roe, Co-major Professor 
Michael J. Weber 
Peter T. Wolter 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the 
program of study committee, is solely responsible for the content of this thesis. The Graduate 
College will ensure this thesis is globally accessible and will not permit alterations after a 
degree is conferred. 
 
Iowa State University 
Ames, Iowa 
2018 
 
 
 
Copyright © Courtney Lynn Zambory, 2018. All rights reserved.
ii 
 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS ....................................................................................................... iii 
ABSTRACT ............................................................................................................................. iv 
CHAPTER 1. GENERAL INTRODUCTION ......................................................................... 1 
Background .......................................................................................................................... 1 
Thesis Organization ............................................................................................................. 3 
Literature Cited .................................................................................................................... 5 
CHAPTER 2. USE OF LIDAR IMAGERY TO IDENTIFY OXBOWS AND FORMER 
STREAM MEANDERS FOR OXBOW RESTORATION SITE SELECTION ..................... 8 
Abstract ................................................................................................................................ 8 
Introduction ......................................................................................................................... 9 
Materials and Methods ...................................................................................................... 12 
Study Area .................................................................................................................... 12 
Data Acquisition ........................................................................................................... 13 
Preprocessing................................................................................................................ 13 
Riparian Depression Identification and Characterization ............................................ 14 
Model Evaluation ......................................................................................................... 15 
Results ............................................................................................................................... 17 
Model Accuracies ......................................................................................................... 17 
Model Accuracy at Identifying Chosen Restoration Sites ........................................... 18 
Ranking Sites ................................................................................................................ 19 
Discussion .......................................................................................................................... 20 
Conclusions .................................................................................................................. 22 
Acknowledgements ........................................................................................................... 23 
Literature Cited .................................................................................................................. 24 
Tables ................................................................................................................................. 29 
Figures ............................................................................................................................... 31 
CHAPTER 3. DISTRIBUTION OF ENDANGERED TOPEKA SHINERS IN STREAMS 
AND OXBOWS OF THE MIDWESTERN USA: AN APPLCIATION OF ENSEMBLE 
MODELING WITH LANDSCAPE-SCALE VARIABLES .................................................. 40 
Abstract .............................................................................................................................. 40 
Introduction ....................................................................................................................... 41 
Materials and Methods ...................................................................................................... 44 
Results ............................................................................................................................... 51 
Individual Models......................................................................................................... 51 
Ensemble Models ......................................................................................................... 52 
Environmental Variable Influences .............................................................................. 53 
Boone River Watershed .......................................................................................... 53 
North Raccoon River Watershed ............................................................................ 53 
iii 
 
Des Moines Lobe Ecoregion Watersheds ............................................................... 54 
Rock River Watershed ............................................................................................ 56 
All Watersheds Combined ...................................................................................... 56 
Discussion .......................................................................................................................... 57 
Acknowledgements ........................................................................................................... 63 
Literature Cited .................................................................................................................. 64 
Tables ................................................................................................................................. 71 
Figures ............................................................................................................................... 78 
CHAPTER 4. A LANDSCAPE-SCALE WATERSHED HEALTH ASSESSMENT 
FRAMEWORK FOR IOWA .................................................................................................. 85 
Abstract .............................................................................................................................. 85 
Introduction ....................................................................................................................... 86 
Materials and Methods ...................................................................................................... 89 
Assessing Watershed Health ........................................................................................ 89 
Geomorphology ...................................................................................................... 90 
Soil Erosion Susceptibility Index ...................................................................... 90 
Climate Water Balance Index ............................................................................ 91 
Groundwater Quality Index ............................................................................... 91 
Connectivity ............................................................................................................ 92 
Aquatic Connectivity Index ............................................................................... 92 
Riparian Connectivity Index .............................................................................. 92 
Hydrology ............................................................................................................... 93 
Perennial Cover Index ....................................................................................... 93 
Impervious Surface Index .................................................................................. 93 
Flow Variability Index ....................................................................................... 94 
Loss of Hydrologic Storage Index ..................................................................... 95 
Biology .................................................................................................................... 96 
Stream Species Quality Index ............................................................................ 96 
Species Richness Index ...................................................................................... 96 
Species of Greatest Conservation Need (SGCN) Richness Index ..................... 97 
Water Quality .......................................................................................................... 97 
Localized Pollution Source Index ...................................................................... 97 
Non-Point Source Index..................................................................................... 99 
Assessments Index ........................................................................................... 100 
Comparison with the HTI ........................................................................................... 101 
Results ............................................................................................................................. 101 
Discussion ........................................................................................................................ 104 
Acknowledgements ......................................................................................................... 109 
Literature Cited ................................................................................................................ 110 
Tables ............................................................................................................................... 114 
Figures ............................................................................................................................. 120 
CHAPTER 5. GENERAL CONCLUSIONS ........................................................................ 124 
Summary .......................................................................................................................... 124
ii 
 
 
APPENDIX A. RESPONSE CURVES ................................................................................ 127 
APPENDIX B. IWHAF MAPS ............................................................................................ 137 
APPENDIX C. INDIVIDUAL HUC 10 IWHAF SCORES ................................................. 144 
iii 
 
ACKNOWLEDGMENTS 
I would like to thank my committee chairs, Clay Pierce and Kevin Roe, as well as my 
committee members, Michael Weber and Peter Wolter, for their patience, guidance, and 
support throughout my time at Iowa State University. I would also like to thank Harvest 
Ellis, Keith Schilling, and Nathan Young for their assistance with the development and 
execution of this project. My external gratitude also goes to Sarah Porter for her willingness 
to answer my questions regarding the wonderful Agricultural Conservation Planning 
Framework. Thank you to the numerous U.S Fish and Wildlife Service, Iowa Department of 
Natural Resources, and Minnesota Department of Natural Resources personnel for all their 
help. 
I would especially like to thank my parents for their stalwart support of my chosen 
career and their constant faith in me throughout my life. Mom and Dad, you have always lead 
by example, and I have always looked to both of you as proof that hard work leads to 
success. I could not have achieved this without your love and support. 
 In addition, thank you to my fellow graduate students, especially Alex Bybel and 
Nick Simpson who worked on this Topeka Shiner project with me and who gathered much of 
the field data used in this analysis. Lastly, special thanks must go to Jenny Swanson who 
accompanied me on innumerable stress-relieving walks around campus and who has been an 
invaluable friend throughout my time at Iowa State University.  
Partial funding for this project was provided through the U.S. Fish and Wildlife 
Service’s State Wildlife Grant Competitive Program (F15AP01039) and the Iowa DNR. Use 
of trade, product, or firm names is descriptive and does not imply endorsement by the U.S. 
Government. 
iv 
 
ABSTRACT 
The conversion of native ecosystems to agricultural landscapes often has profound 
impacts not only on the terrestrial environment, but also on aquatic ecosystems.  Loss of 
perennial riparian vegetation, intensive installation of tile drainage, expansion of drainage 
ditches, and channelization of streams lead to the loss of lateral stream connectivity to the 
floodplain. In Iowa and Minnesota, restoration of off-channel habitats, also called oxbows, 
by the U.S. Fish and Wildlife Service (USFWS) are underway to both restore this 
connectivity and provide habitat for the conservation of the endangered Topeka Shiner 
(Notropis topeka). As oxbow restorations continue and expand to other areas of the Topeka 
Shiner’s range, there is a need for additional information to support site selection and 
prioritization. 
I developed three studies to meet this need by 1) creating a repeatable, systematic 
methodology to identify former stream meanders and oxbow scars on the landscape in order 
to identify candidate restoration sites, 2) developing and applying species distribution models 
to rank potential restoration sites by their landscape level suitability for Topeka Shiners, and 
3) synthesizing watershed health data to evaluate threats that may affect future restored sites. 
The models created to identify former stream meanders and oxbow scars as potential 
restoration sties were highly successful at discriminating target from non-target features on 
the landscape using Light Detection and Ranging (LiDAR) satellite imagery. The shape and 
relative height above the stream channel of riparian depressions were critical characteristics 
in identifying target features. I compensated for noise (misclassification of non-target 
features as target features) within models by developing a ranking system to help extract sites 
that were most likely to be stream meanders and oxbow scars. Next, species distribution 
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models demonstrated strong predictive power to identify both stream and oxbow sites that 
would be suitable for Topeka Shiners. Last, the generation of the watershed health 
assessment ranked ten-digit hydrological unit code (HUC 10) watersheds within Iowa using 
five overarching components of geomorphology, hydrology, biology, connectivity, and water 
quality to visualize the relative threats to each watershed. Though the last study did not 
specifically address Topeka Shiner restoration site selection, it is applicable to many future 
conservation efforts as it allows managers to identify factors that may impact watershed 
restoration projects. Combined, these studies demonstrated diverse uses of geospatial data to 
support aquatic conservation and restoration efforts in highly modified landscapes.  
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CHAPTER 1.    GENERAL INTRODUCTION 
Background 
Aquatic species are among the most imperiled in the world, and the number of 
species considered threatened, endangered, or extinct is increasing (Jelks et al., 2008; 
Ricciardi & Rasmussen, 1999; Taylor et al., 2007; Williams et al. 1993). One of the major 
threats to aquatic species is the conversion of land from native ecosystems to agricultural use 
(Carpenter et al. 2011). As human populations increase, models predict a growth in the 
amount of land converted to agricultural use (Schmitz et al. 2014).  
Though agricultural expansion has several deleterious effects on stream ecosystems, 
including increased base flow and greater nutrient and sediment loads in waterways, one of 
the most immediate effects is the loss of lateral connectivity (Dalzell & Mulla, 2018; Ickes et 
al., 2005; Schilling et al., 2010). Lateral connectivity, or the connectivity between the stream 
and its floodplain, is critical to the health of freshwater systems (Junk et al., 1989; Ickes et 
al., 2005). The floodplain is the transition zone between terrestrial and aquatic environments 
and benefits biodiversity as it increases the diversity of habitat and nutrient availability for 
organisms. Restoration of streams’ connectivity to their floodplain has become an 
increasingly important conservation strategy for numerous endangered and threatened 
aquatic fish species (Cramer, 2012; Gallardo et al., 2012; Landress, 2016; Richards et al., 
1992; Scheerer, 2002). 
Much of Iowa’s native prairie and wetland habitat has been lost and replaced with 
intensive soybean and corn row crop agriculture (Bishop, 1981; Bishop et al., 1998; Bishop 
& van der Valk, 1982). To support the intensive agricultural practices, many of Iowa’s 
streams have been straightened and the surrounding landscape drained, often isolating 
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streams from off-channel habitats (Bishop, 1981). The construction of off-channel habitats, 
hereinafter referred to as oxbow restorations, have become an increasingly popular method 
for reconnecting the floodplain to the stream. These oxbow restorations by the U.S. Fish and 
Wildlife Service (USFWS) have many benefits, including increased fish and wildlife 
diversity and reductions in nutrient loading to the streams (Kenney 2013; Schilling et al. 
2017).  
Of special interest to USFWS are the benefits these restorations have for the 
conservation of the Topeka Shiner (Notropis topeka). The Topeka Shiner was federally listed 
as endangered in 1998 and, at the time, the species was thought to have lost 80% of its 
historical range across the Midwestern United States (Tabor, 1998). In Iowa, known 
populations are now only thought to occur in three 8-digit hydrological unit code (HUC 8) 
watersheds: the North Raccoon River Watershed, the Boone River Watershed, and the Rock 
River Watershed (Bakevich et al., 2013; Natural Resource Conservation Service, 2010) 
Simpson et al., 2017; Zambory et al., 2017). Among the factors thought to have contributed 
to species’ decline are: loss of habitat, decreased stream network connectivity, and 
introduction of non-native piscivorous fishes (Tabor, 1998). Off-channel habitats such as 
oxbow lakes and cattle dugouts are considered important habitat for Topeka Shiners as they 
provide refuge from the main channel conditions. Because lateral connectivity in agricultural 
landscapes is drastically reduced, these off-channel habitats have largely been lost across the 
Topeka Shiner range. Since 2002, construction of numerous oxbow restorations have 
occurred in Iowa and Minnesota to increase habitat availability to support conservation of the 
species (Kenney, 2013).  
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Large amounts of resources have been allocated to aquatic habitat restoration projects 
with an estimate of $14-$15 billion spent in the United States alone between 1990 and 2005 
(Bernhardt et al., 2005). Because oxbow restorations are planned to continue, informed, 
systematic methods are needed to support managers’ decisions on where to place these 
restored sites.  Three studies are presented in this thesis that provide information to guide 
future oxbow restoration site selection. My first study develops a methodology to identify 
former stream meanders and oxbows to create a pool of potential restoration sites. The 
second study in this thesis developed separate species distribution models for Topeka Shiners 
found in stream and oxbow habitats in the North Raccoon, Boone, and Rock River 
Watersheds. Final ensemble species distribution models were then applied to Light Detection 
and Ranging (LiDAR) derived stream networks as well as the candidate restoration sites 
identified in the first study. Last, the third study created a watershed health assessment based 
off the Minnesota Watershed Health Assessment Framework (WHAF) to identify watersheds 
that are most impacted in Iowa. 
Thesis Organization 
Chapter 1 is a general introduction to this thesis. Chapter 2 describes the development 
of a methodology for using LiDAR imagery to locate former stream meanders and oxbow 
scars in three watersheds in Iowa and Minnesota and was written for submission to the 
journal Remote Sensing. Chapter 3 is written for submission to Aquatic Conservation: 
Marine and Freshwater Ecosystems and describes the development of species distribution 
models for Topeka Shiners in oxbow and stream habitats. Models were conducted by 
watershed and habitat type and were then projected onto the landscape to visualize current 
Topeka Shiner distribution within the study area. Chapter 4 is written for submission to 
Ecological Indicators and describes the development of a watershed health assessment 
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framework for Iowa based off the Minnesota Watershed Health Assessment Framework 
(WHAF). Lastly, Chapter 5 summarizes this thesis and offers general conclusions. 
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CHAPTER 2.    USE OF LIDAR IMAGERY TO IDENTIFY OXBOWS AND 
FORMER STREAM MEANDERS FOR OXBOW RESTORATION SITE 
SELECTION 
Modified from a manuscript for submission to the journal Remote Sensing 
Courtney L. Zambory 1, Harvest Ellis2, Clay L. Pierce 3, Kevin J. Roe1, Michael 
J. Weber1, Keith E. Schilling4, Nathan C. Young2 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Anthropogenic developments of the floodplain and alterations to the landscape’s 
natural hydrological regime have resulted in extensive loss of off-channel habitat. Interest in 
restoring these habitats has grown as an effective conservation strategy for numerous aquatic 
species. The objective of this study was to develop a process to reproducibly identify 
potential areas of former stream meander to assist future off-channel restoration site 
selection. I chose three watersheds in Iowa and Minnesota where off-channel restorations are 
currently being conducted to aid in the conservation of the Topeka Shiner (Notropis topeka). 
Using LiDAR derived digital elevation models, I characterized the morphologic and 
topographic characteristics of floodplain depressions and developed classification trees to 
distinguish relic streams and oxbows from other landscape features. Classification and 
regression tress were generated for data from each watershed individually, from each 
ecoregion, and from all watersheds combined. All models demonstrated strong ability to 
distinguish between target and non-target features with area under the receiver operator curve 
(AUC) values ≥ 0.82 and correct classification rates ≥ 0.88 for all models. Solidity, 
concavity, and mean height above channel metrics were among the first splits in all trees. To 
compensate for the noise associated with the final model designation, features were ranked 
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based on the conditional probability associated with each node. The results of this study will 
provide conservation managers with an improved process to identify candidate restoration 
sites.     
1 Iowa State University, Department of Natural Resource Ecology and Management, 
Ames, IA 50011, USA 
2The University of Iowa, Iowa Flood Center, Iowa City, IA 52242, USA 
3U.S. Geological Survey, Iowa Cooperative Fish and Wildlife Research Unit, Iowa 
State University, Ames IA 50011, USA 
4The University of Iowa, Iowa Geological Survey, Iowa City, IA 52242, USA 
Introduction 
Restoring floodplain habitat complexity and lateral connectivity with the adjacent 
stream through the enhancement and creation of off-channel habitats has been recognized as 
increasingly important for the conservation of native and endangered aquatic species 
(Cramer, 2012; Gallardo et al., 2012; Landress, 2016; Richards et al., 1992; Scheerer, 2002). 
Off-channel habitats provide flow and predation refuge as well as foraging opportunities for 
many aquatic species. In addition, off-channel habitats have been shown to increase fish 
recruitment as well as overall biodiversity (Junk et al., 1989; Zeug & Winemiller, 2008). A 
common type of off-channel habitat is the oxbow that is naturally created through the long-
term process of sediment deposition and erosion within a stream/river channel resulting in 
sinusoidal migration. Eventually, a meander is cutoff and isolated from the main channel 
during normal flow conditions (Constantine & Dunne, 2008; Gay et al., 1998; Ishii & Hori 
2016). Oxbows may also be artificially created after channelization of a stream which bisects 
the natural meanders of the stream to then isolate them from the new channel. Flooding 
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events allow reconnection of oxbows to the stream, facilitating movement of aquatic species 
between the two habitats (Fischer et al., In Press; Lyon et al., 2010; Miranda, 2005). 
Anthropogenic alterations to streams, such as channelization, stream diversion, and 
impoundment, have dramatically slowed the natural creation of off-channel habitats, limited 
lateral connectivity of the stream to its floodplain, and diminished instream water quality 
(Lau et al., 2006; Urban & Rhoads, 2003; Zimmer & Bachmann, 1976). Iowa, a state that has 
lost much of its native hydrological complexity due to intensive anthropogenic landscape 
alterations (Whitney, 1996), provides a unique system to study, design, and implement 
effective floodplain restoration strategies that both support native species and are compatible 
with the current exhaustive agricultural use of the landscape. 
The Topeka Shiner (Notropis topeka) is a small, endangered cyprinid that was 
historically widespread across six Midwestern and Great Plains states of the United States. At 
the time of its federal listing as an endangered species in 1998, the Topeka Shiner was 
thought to only occupy 20% of its historical range, and many populations were in decline 
(Tabor, 1998). Today, known extant populations within Iowa are found only in three 
watersheds: the North Raccoon, Boone, and Rock rivers (Bakevich et al., 2015; Clark, 2000; 
Simpson et al., 2017; Zambory et al., 2017). Following their listing, Topeka Shiners were 
found to frequently use off-channel habitats, such as cattle ponds and oxbows (Bakevich et 
al., 2013; Berg et al., 2004; Clark, 2000; Hatch, 2001; Natural Resource Conservation 
Service, 2010). It is possible that Topeka Shiners use these habitats as nurseries, and their 
tolerance of warm water temperatures, low dissolved oxygen concentrations, and shallow 
depths afford the species a competitive advantage in off-channel habitats during prolonged 
periods of isolation from the stream channel (Koehle & Adelman, 2007). Beginning in 2002, 
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the U.S. Fish and Wildlife Service (USFWS) began construction of oxbows to support the 
conservation of Topeka Shiners in Iowa. Post-restoration sampling yielded evidence of 
Topeka Shiner reproduction and overwintering survival (Simpson et al., 2017; Kenney, 2013, 
2014; Zambory et al., 2017). In response to perceived success of these oxbow restorations 
Iowa has continued restorations, and this conservation strategy has spread to Minnesota 
(Kenney, 2014).  
Though oxbows receive much of their water volume during periodic flooding events 
of the main channel, groundwater percolation is also important, as it helps protect these 
habitats from complete desiccation during extended periods of low-flow (Hudson et al., 
2012). Relic stream channels, abandoned oxbows, and stream meanders that were artificially 
disconnected from the channel through stream channelization or infrastructure development 
are primary candidates for fish habitat restoration as they provide natural depressions that 
both minimize restoration cost and are often closely connected to the groundwater (Richards 
et al., 1992; Urban & Rhoads, 2003). USFWS currently identifies candidate restoration sites 
through examination of historical and present-day aerial imagery for areas of historical 
stream meander. Potential candidate sites are digitized by hand using a Geographic 
Information System (GIS) platform, making efforts to identify candidate sites across large 
landscapes time-consuming and highly subjective among personnel that in turn leads to a 
lack of repeatability (Kenney, 2014). The success of oxbow restoration efforts in Iowa and 
Minnesota has generated interest in other areas. As the popularity of oxbow restorations as a 
technique for habitat management continues to grow, there is a need for the development of a 
consistent, rapid methodology to identify potential restoration sites across large watersheds 
without the time-intensive examination of historical and present-day aerial photographs.  
12 
 
High resolution light detection and ranging (LiDAR) derived digital elevation models 
(DEMs) have become increasingly important to identify and describe fine-scale topographic 
depressions such as karst depressions and vernal pools (Li et al., 2011; Millard et al., 2013; 
Wu et al., 2014; Wu & Lane, 2016). Depressions can then be classified using a combination 
of topographic and morphometric characteristics (Zhu & Pierskalla, 2016). The analysis of 
DEMs within a GIS platform is valuable in natural resources management as it allows for 
quick, repeatable, and systematic analysis of fine-scale terrain features across large areas 
(Heit et al., 1991; Wilson & Gallant, 2000). The goal of this study was to develop a GIS-
based methodology to identify former stream meanders, oxbows, and oxbow scars within the 
three study watersheds to support Topeka Shiner restoration site selection by directing 
managers to potential sites for follow-up on-site evaluations. 
Materials and Methods 
Study Area 
Three 8-digit hydrologic unit code (HUC 8) watersheds were selected as case studies 
for this process: the North Raccoon River Watershed (HUC 07100006), the Boone River 
Watershed (HUC 07100005), and the Rock River Watershed (HUC 10170204; Figure 1). 
These watersheds were selected because they are the focus of ongoing oxbow restoration 
activities for Topeka Shiner conservation. The North Raccoon and Boone River watersheds 
are in west-central Iowa in the Des Moines Lobe ecoregion that is characterized by low-relief 
topography as a result of glacial retreat following the last ice age (Griffith et al., 1994). Both 
watersheds are heavily altered by intensive row crop agriculture and channelization of 
streams; most headwater streams have been altered to extend into drainage ditches to support 
row crop agriculture (Urban & Rhoads, 2003). The Rock River Watershed is bisected by the 
Iowa/Minnesota state boundary within the Loess Prairies ecoregion. Similar to the North 
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Raccoon and Boone River watersheds, the Rock River Watershed has low relief topography 
and is dominated by row crop agriculture (Griffith et al., 1994).  
Data Acquisition 
The original DEMs for each watershed were obtained as bare earth LiDAR-derived 
DEMs with 2m resolution organized into HUC 12 geodatabases. DEMs for all watersheds 
have a vertical positional accuracy of ~18.5cm and were obtained through Iowa State 
University. Field boundaries and use characteristics for all watersheds were downloaded 
from the agricultural conservation and planning framework (ACPF) Watershed Database 
Land Use Viewing and Data Downloading website (USDA, 2018a). The field boundaries 
dataset was digitized for many of the Midwestern states through examination of aerial 
imagery. In the field boundaries dataset, a general land use attribute (IsAG) was assigned to 
each field boundary shapefile. Broadly, a value of 1 designates fields used for crop 
agriculture, a value of 2 designates a field used for pasture, and a value of 0 designates a non-
agricultural field (Tomer et al., 2017).  
Preprocessing 
All processing was completed within the ESRI ArcGIS 10.4.1 environment (ESRI, 
2016). DEMs first required hydroconditioning that involved manually correcting the DEM to 
force stream networks to flow underneath structures such as bridges or culverts instead of 
backing up behind them. Stream networks were delineated using a 40.47 ha drainage 
threshold for all watersheds. Hydroconditioning and stream network delineation were 
performed using the ACPF toolbox (USDA, 2018b). Once an accurate flow network was 
created, stream segments were coded as either false flowpaths/intermittent streams (0), 
perennial streams (1), or drainage ditches (4). Areas in which the flow path extended past the 
terminus of a perennial stream or drainage ditch were split, and the excess line was coded as 
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a 0. Final designations of perennial streams and drainage ditches were created with the ACPF 
tool “Stream Reach & Catchments” to generate a final stream network for each watershed. 
Finally, a relative elevation dataset, “Height above Channel,” was calculated from the 2m 
LiDAR DEMs so each cell resulted in height (cm) above the nearest stream cell to which it 
would flow.  
Riparian Depression Identification and Characterization 
Search radius for depressions was limited to a 500m buffer around stream segments 
coded as perennial to comply with USFWS restoration practice. A distance of 500m was 
chosen after visual examination of the study sites determined it was an appropriate distance 
to consistently incorporate all oxbows and former meanders within the floodplains of 
watersheds. The hydroconditioned DEM (oDEM), the Filled DEM (fDEM), and the relative 
elevation dataset were extracted to the 500m buffer. Depressions were identified by 
subtracting the oDEM from the fDEM and then converting the contiguous areas not equal to 
0 to shapefiles representing depressions across the landscape. Depressions with areas ≤ 
100m2 were eliminated from the analysis because they were considered too small to represent 
target features. Depressions intersecting the stream network were also eliminated from 
consideration because oxbow habitats are typically isolated from the main stream channel 
during base flows. The USFWS does not perform restorations in active row crop agricultural 
fields as these areas could be impacted by additional nutrient run-off (Aleisha Kenney, 
USFWS, pers. comm., Feb. 2016). However, depressions within pasture fields were retained 
because restorations in pastures do not interfere with cattle grazing and Topeka Shiners 
appear to co-exist with cattle in these environments (Aleisha Kenney, USFWS, pers. comm., 
Feb. 2016; Hatch, 2001). Field boundary shapefiles were converted to raster datasets and 
reclassified to only include row crop agricultural fields. Using the “Tabulate Area” tool in 
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ArcGIS, area covered by a row crop agricultural field was calculated for each depression. If 
less than 100m2 of the feature was outside an agricultural field, the depression was excluded 
as a potential restoration site. Mean depth, maximum depth, mean slope, mean surface 
roughness, and mean relative height above channel were topographic variables calculated for 
each depression using the “Zonal Statistics as Table” tool in ArcGIS. Surface roughness was 
defined as the depression’s standard deviation of the slope using a 5 cell focal window 
(Grohmann et al., 2011). Circularity, solidity, convexity, concavity, rectangularity, area, and 
perimeter were calculated to describe the morphometric characteristics of each depression 
(Table 1). 
Model Evaluation 
To assess the ability of the variables to differentiate target features, such as oxbows, 
oxbow scars, and relic stream meanders, riparian depressions, were manually coded as either 
a 0 (non-target features) or a 1 (target features; Figure 2). Depressions were coded by myself 
and a technician using both historical and recent USDA orthoimagery from the 1930s, 1950s, 
1960s, 1970s, 1980s, 1990s, and 2015 (ISUGISF, 2018). Disagreements in feature 
designation were re-examined, and I made the final decision. Criteria for coding a depression 
as a target feature included: 
1. Intersection with either a stream channel, oxbow, or oxbow scar within one aerial 
image;  
2. Maintenance of the original shape of the historical channel, oxbow, or oxbow scar. 
Data from watersheds were analyzed by individual watersheds, by ecoregion, and by 
watersheds combined to assess both the overall accuracy of separating oxbow features from 
other riparian depressions as well as to analyze how oxbow identification varied among study 
area. Thus, a training dataset and testing dataset were generated by randomly splitting the 
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data so 80% of the data were apportioned to a training dataset to train a Classification and 
Regression Tree (CART) model. The remaining 20% of the data were used to test the 
performance of the generated model. Target features were rare in all watersheds, only 
comprising 2-4% of all depressions initially identified, creating an imbalanced dataset (Table 
2). Imbalanced datasets are problematic as most modeling algorithms are designed to 
minimize total error and are more accurate with even splits between classes (Japkowicz & 
Stephen, 2002). To account for the unbalanced dataset, the training data were further split so 
that all target features were preserved and set as 50% of the final training data while the 
majority non-target features were randomly under-sampled without replacement to comprise 
the remaining 50% of the final training dataset (Figure 3). This final training dataset 
underwent a 10-fold cross validation process before final model creation. The performance of 
each model was evaluated by its specificity (true negative rate), sensitivity (true positive 
rate), precision (rate at which target feature designations were correct), correct classification 
rate, and area under the curve (AUC) of the receiver operator curve (Duda et al., 2001; 
Bradley, 1997). To overcome the effect of noise, I ranked identified target features on how 
likely they were to be an oxbow by normalizing each node’s conditional probability. 
Conditional probabilities were calculated for each depression based on percentage of 
correctly classified depressions at the terminus of all target feature nodes. Conditional 
probabilities were reclassified to range between 0-7. Depressions with a 0 value were 
classified by the model as a target depression but were more likely to be noise while 
depressions with a value of 7 had the greatest likelihood of being a target feature. Finally, I 
compared the final models to restored and potential restoration sites subjectively identified 
by USFWS to evaluate the rate of match identification of a restoration site. 
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Results 
Model Accuracies  
Classification and regression trees were created for all watersheds individually, 
watersheds by ecoregion, and all watersheds combined (Figures 4-8). The morphometric 
characteristic solidity represented the first split in all models except the Rock River 
Watershed model. Generally, features with low solidity values were classified as target 
features. Mean relative height above channel was one of the second tier splits in all models 
and suggested that features with a lower mean relative height above channel were classified 
as target features. Mean depth of each feature was present in the North Raccoon River, Des 
Moines Lobe ecoregion models, and the all-combined watershed models. Perimeter was only 
used to classify features in the Des Moines Lobe ecoregion and all-watershed combined 
models. Shape area was included in the Rock River and the Des Moines Lobe ecoregion 
watershed models, but absent in the others. Mean roughness of the depression’s surface was 
included in the Boone River, North Raccoon River, and all-watershed combined model. 
Circularity was included in the Des Moines Lobe ecoregion and the all-watershed combined 
models. Rectangularity was included in the Des Moines Lobe ecoregion and all-watershed 
combined models. Convexity was included in the North Raccoon, Des Moines Lobe 
ecoregion, and all-combined watershed models. Slope was only present in the all-watershed 
combined model.  
Confusion matrices were created for all models to calculate specificity, sensitivity, 
precision, and correct classification rate for all model combinations (Table 3). All models 
had specificity values greater than 0.89 indicating that the models were successful in 
correctly classifying non-target features. Sensitivity rates ranged from 0.75 in the Boone 
River Watershed to 0.89 in the Rock River Watershed indicating that though the models were 
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less successful at correctly classifying true target features than correctly classifying non-
target features, the models still performed well. Precision, or the expression of how often a 
feature that was classified by the model as a target feature was a true target feature, varied 
widely across watersheds with the lowest precision in the Boone River Watershed and the 
greatest precision in the Rock River Watershed. Correct classicization rates (CCR) of all 
models was between 0.88-0.94.  
AUC score performance evaluation closely follows the academic grading scale with 
values 0.5-0.6 represented as failing, 0.6-0.7 as poor, 0.7-0.8 as fair, 0.8-0.9 as good, and 0.9-
1.0 as excellent. Overall, the Rock River Watershed had the highest AUC score of 0.91 
followed by the North Raccoon River, Des Moines Lobe ecoregion, and all-watershed 
combined models with AUC scores of 0.87 (Table 3). The Boone River Watershed model 
had the lowest AUC value of 0.82. All models performed well, receiving AUC scores 
considered good or excellent.  
Model Accuracy at Identifying Chosen Restoration Sites 
Because the all-watershed combined model performed well in most evaluation 
characteristics, I chose to use that model’s results to compare to the locations of restored sites 
for Topeka Shiner conservation. I used the locations of 127 restoration sites constructed 
between 2002 and 2017 to compare to the model. Restored sites that were within a 50m 
radius were considered part of the same feature as the modeled sites. Sixty-four (50%) 
restored oxbows habitats in all watersheds were identified as candidate sites by using the all-
watershed combined model. The model was most successful at selecting sites that had been 
chosen for restoration in the Boone River Watershed by identifying ten out of seventeen sites 
(59%). The overall model identified nineteen out of forty-four (43%) restored sites in the 
Rock River Watershed and thirty-five out of sixty-six restored sites (53%) in the North 
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Raccoon River Watershed. Non-selection of restored sites by the model was primarily related 
to either the omission of a detected depression, or the direct connection of a depression to the 
stream channel which caused it to be excluded from the initial depression pool.  
Ranking Sites 
The all combined watershed model classified eight terminal nodes on the regression 
trees as target features (Figure 8). All features associated with the target feature nodes were 
selected as potential oxbow restoration sites. Of the 65,174 originally identified riparian 
depressions, the all-watershed model identified 7,650 (11.74%) of those depressions as target 
features across all three watersheds of study. Though the possible sites were reduced 
drastically, I chose to rank identified features to identify top candidate sites by how likely 
they were to be our classified target features. Conditional probabilities of each node were 
calculated by the probability of the node’s fitted class. Target feature nodes’ conditional 
probability ranged from 0.70 to 0.91. Because eight nodes were identified, I ranked the 
features associated with each node from 0 to 7 with the lowest rank corresponding to the 
lowest conditional probability (Figure 9). The highest rank of features (Rank 7) accounted for 
3,521 (46.03%) of the identified target features and thus was able to further reduce the top 
candidate sites for managers to consider for restoration. Sites with lower ranks may be low-
lying landscape features that have irregular shapes such as constructed ponds or wetlands 
while higher ranked features were more likely to be historical stream meanders (Figure 9). 
Though this ranking methodology did help further identify the best target sites, it did 
highlight an area of noise of irregular shapes created by proximity to roads, leading to curved 
shapes that may be inaccurately identified as a relic stream channel or oxbow (Figure 9).  
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Discussion 
Oxbows and other off-channel habitats are important floodplain features that provide 
habitat for fish species at a variety of life stages (Junk et al., 1989; Górski et al., 2011; 
Johnson et al., 2015). Following European settlement, the Midwestern United States lost 
much of its historical hydrological complexity to the creation of drainage ditches and tile 
installation to support expansive row crop agriculture (Bishop, 1981; Smith, 1981; Zucker & 
Brown, 1998). Restoration of off-channel habitats for the conservation of the endangered 
Topeka Shiner began in 2002 and continues to be a conservation strategy of USFWS to 
increase suitable habitat. This methodology will help guide restoration site selection by 
providing an objective, repeatable methodology for identifying relic stream channels, oxbow 
scars, and oxbows from other depressions on the landscape.  
Overall model accuracy in correctly labeling features as either target or non-target 
was above 88% in all models. I demonstrated the importance of solidity and relative height 
above channel variables in identifying oxbows and relic channels. Solidity is an intuitive 
variable as oxbows have a classic horseshoe shape and relic streams are often naturally 
meandering with alternating concave and convex segments. Mean relative height above 
channel was also expected to be important in discriminating target features from non–target 
features, because former meanders were once part of the stream network, and their relative 
elevation to the channel is similar until sediment deposition eventually fills them with silt 
(Fink & Mitsch, 2006). Older features, such as older oxbow scars, will have a greater relative 
elevation than a newly formed oxbow that was recently isolated from the stream. In some 
cases I observed that classic oxbow shapes were formed when drainage ditches artificially 
bisected a natural, meandering stream. Improved classification rates may be achieved by 
expanding response variables from a binary target/non-target classification to additional 
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classes to discriminate relic streams, oxbows, and oxbow scars separately. The model did not 
separate target features into their individual classifications because the highly modified 
nature of the landscape proved difficult to separate these features.  
The high rates of false positive detections by the model resulted partly from the 
imbalance of the datasets. Though I only observed a small percentage of misclassification of 
non-target features (~7%) in the all-watershed combined model, even a small percentage of 
63,257 non-target features yielded a large amount of noise. Through visual inspection of 
features that were misclassified as target features, I noticed many were low-lying sinuous 
areas that included areas of stream swale or other natural riparian depressions. Though we 
did not specifically address human classification accuracy for oxbows, the prevalence of 
noise in the model could also be due to human error while classifying target versus non-
target features. This human error could stem from the difficulty of identifying historical 
stream meanders in highly modified environments as well as the fact that our aerial imagery 
data was only available after the 1930s despite modification of the Midwestern landscape 
beginning many decades earlier. Though not relic meanders or oxbow scars, these “noise” 
features may present additional opportunities for restoration. I believe this process identifies 
potential restoration sites and provides information to managers to select appropriate 
restoration locations, but final site selection will typically be accompanied by local 
knowledge, proximity to known Topeka Shiner populations, potential risks to infrastructure 
such as flooding and erosion, and landowner permission. There is natural risk to fishes that 
inhabit ephemeral off-channel habitats as extended periods of dry weather can lead to 
complete desiccation and total fish mortality (Fischer et al., In Press). Therefore, features 
with lower elevations relative to the stream channel may be priority sites for restoration as 
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they are more likely to be closely connected to the groundwater at the hyporheic zone. 
Groundwater percolation into the restored off-channel habitat may be critical for fish survival 
during extended periods of little or no precipitation. The features identified with our process 
maintain their relative height above channel data, and I believe this data may be useful for 
further site selection.  
Though this analysis for riparian feature classification was intended to support 
aquatic species conservation, it may have applications in other conservation efforts. Oxbow 
restorations have been constructed outside of the Topeka Shiner range in Iowa to help 
support nutrient reduction efforts. Oxbows significantly reduce nitrate concentrations inputs 
to the stream from crop fields (Schilling et al., 2017). I believe this process for identifying 
candidate sites for oxbow restoration will not only promote conservation for species such as 
the Topeka Shiner, but may also support efforts to identify suitable locations to construct 
oxbows intended to improve regional water quality. 
Conclusions 
I have developed a methodology that identifies potential restoration sites based on the 
identification of former stream meanders, oxbows, and oxbow scars. Polygons representing 
candidate restoration sites are not only easily interpreted by management personnel in a GIS 
but also retain all topographic characteristics that may be useful for managers when selecting 
restoration locations. Sites can be ranked by their likelihood of being a true target feature and 
thus allow for managers to prioritize sites by the likelihood of providing suitable locations for 
restoration. Though I was successful, there are further research opportunities that could be 
built off this work to improve the process. Similarities between metrics of the all-watershed 
combined model and the other models created suggest that the all-watershed combined model 
may be successfully implemented in different geographic ecoregions. Though I developed 
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this process to support Topeka Shiner conservation in Midwestern floodplains, there are 
many other species that benefit from floodplain restoration and I suggest it may have 
potential for application for other species in other regions.      
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Tables 
 
Table 1. Morphometric features calculated for each depression to characterize its shape. 
Circularity (CIR) compares the shape to a circle; values approaching 1 indicate a more 
circular depression. Solidity describes the extent to which a shape is concave or convex. 
Rectangularity compares how closely the depression resembles a rectangle. Concavity is 
the extent that a shape is concave. Convexity is the extent a shape is convex. 
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Table 2. The initial number of depressions and distribution of non-target to target features in each analysis that occur within 500m 
buffer of perennial streams by watersheds. The depressions exclude depressions that have <100m2 area outside an agricultural field 
and depressions that intersect the stream. 
Watershed/Watershed Combination 
Total 
Depressions 
Non-target 
Features 
Target 
Features % Target Features 
Boone River Watershed 9,278 9,047 231 2.49 
North Raccoon River Watershed 33,485 32,719 766 2.29 
Des Moines Lobe ecoregion watersheds 42,763 41,766 997 2.33 
Rock River Watershed 22,411 21,491 920 4.11 
All-watersheds combined 65,174 63,257 1,917 2.94 
 
 
Table 3. The specificity (true negative rate), sensitivity (true positive rate), precision (rate at which features classified as a target 
feature were target features), correct classification rate (overall correct classification), and area under the receiver operator curve 
(AUC) of each data analysis. 
Watershed/Watershed Combination Specificity 
 
Sensitivity Precision 
Correct 
Classification 
Rate AUC 
Boone River Watershed 0.89  0.75 0.16 0.88 0.82 
North Raccoon River Watershed 0.91  0.83 0.19 0.91 0.87 
Des Moines Lobe ecoregion watershed 0.90  0.83 0.18 0.90 0.87 
Rock River Watershed 0.94  0.89 0.39 0.94 0.91 
All-watershed combined 0.93  0.82 0.26 0.92 0.87 
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Figure 1.  Rock River Watershed (black), North Raccoon River (grey), and Boone River 
Watershed (white) located in southwestern Minnesota and northwest and central Iowa, USA 
where the Topeka Shiner SDMs were applied. The Des Moines Lobe ecoregion is outlined in 
a dashed line.        
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Figure 2. Target (unfilled) and Non-Target (hatched) features identified using historical 1930 aerial imagery (Left) and recent 2015 
aerial imagery (Right) 
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Figure 3. A conceptual model of the first method of preserving all the minority target features in the training dataset and under-
sampling the majority non-target features. A dataset split of 30% training to 70% testing was chosen to preserve the rarity of the target 
features. 
  
34 
 
Figure 4. Classification and regression trees for the Boone River Watershed. Terminal nodes 
that classified target features are within grey boxes. Values representing the conditional 
probability of the fitted class are below boxes at terminal nodes. 
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Figure 5. Classification and regression trees for the North Raccoon River Watershed. 
Terminal nodes that classified target features are within grey boxes. Values representing the 
conditional probability of the fitted class are below boxes at terminal nodes. 
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Figure 6. Classification and regression trees for the Rock River Watershed. Terminal nodes 
that classified target features are within grey boxes. Values representing the conditional 
probability of the fitted class are below boxes at terminal nodes. 
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Figure 7. Classification and regression trees for the Des Moines Lobe ecoregion watersheds. 
Terminal nodes that classified target features are within grey boxes. Values representing the 
conditional probability of the fitted class are below boxes at terminal nodes. 
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Figure 8. Classification and regression trees for all-watersheds combined. Terminal nodes that classified target features are within 
grey boxes. Values representing the conditional probability of the fitted class are below boxes at terminal nodes. 
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Figure 9. Ranked candidate sites based on the conditional probabilities of each feature defined by the model for all-watersheds.  
Depressions that were ranked as oxbows but were more likely to be noise were given lower scores than depressions that were 
classified as oxbows, but were less likely to be noise. A score of 0 represents depressions less likely to be a target feature and a score 
of 7 is most likely to be a target feature.
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CHAPTER 3.    DISTRIBUTION OF ENDANGERED TOPEKA SHINERS IN 
STREAMS AND OXBOWS OF THE MIDWESTERN USA: AN APPLCIATION OF 
ENSEMBLE MODELING WITH LANDSCAPE-SCALE VARIABLES 
Modified from a manuscript for submission to the journal Aquatic Conservation: 
Marine and Freshwater Ecosystems 
Courtney L. Zambory 1, Clay L. Pierce 2, Kevin J. Roe1, Michael J. Weber1,  
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Topeka Shiners are a federally listed endangered cyprinid native to the Midwestern 
United States. At the time of its listing, anthropogenic alterations to the native hydrological 
regime to support agricultural practices in the region were thought to have contributed to 
population declines. The primary conservation strategy for Topeka Shiners in Iowa and 
Minnesota has been to restore off-channel habitats that have been largely lost in the region’s 
floodplains to create new restored oxbows. Ensemble species distribution models were 
created with the R package biomod2 for streams and restored oxbows habitats using 
multiscale landscape variables. Model projections and variable importance were generated 
for each modeled habitat and watershed combination. Restored oxbow habitat suitabilities 
were projected onto 3,557 potential restoration sites identified using the top results of a 
potential restoration site identification process. Percent forest cover was identified most 
frequently as having a negative effect on Topeka Shiner presence and was influential in all 
oxbow models except in the Rock River Watershed model. Percent water cover was 
negatively associated with Topeka Shiner presence and the most influential variable in most 
stream analyses. Ensemble models performed very strongly in identifying suitable and 
unsuitable habitat for all models with area under the curve values >0.95. The resulting 
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projections may provide information for managers on suitable restoration sites during 
ongoing restoration practices. 
1 Iowa State University, Department of Natural Resource Ecology and Management, 
Ames, IA 50011, USA 
2   U.S. Geological Survey, Iowa Cooperative Fish and Wildlife Research Unit, Iowa 
State University, Ames IA 50011, USA 
Introduction 
 Freshwater fishes are among the most imperiled in the world (Jelks et al. 2008). 
Species distribution models (SDM)s are an essential first step in guiding conservation 
decisions as they describe a species’ spatial range and identify key environmental factors that 
influence their distribution (Guisan & Zimmermann, 2000; Guisan & Thuiller, 2005). 
Current and accurate models of endangered species distribution are especially critical to 
assess and monitor species status as well as to prioritize areas suitable for conservation, 
restoration, or re-introduction (Guisan and Thuiller, 2005; Guisan et al., 2013; Moilanen et 
al., 2008; Sousa-Silva et al., 2014; Wilson et al., 2011). Modeling aquatic species distribution 
can be difficult due to a lack of data representative of instream environmental conditions over 
large areas and the dynamic nature of aquatic habitats (Domisch et al., 2015). However, 
multiple studies have built upon the concept that terrestrial processes profoundly affect 
instream conditions (Allan 2004; Hynes 1975) and have developed accurate multiscale 
models to describe fish and macroinvertebrate distributions using landscape characteristics 
(Bouska et al., 2015; Gevrey et al., 2009; Hopkins & Burr, 2009; Maloney et al., 2013; Oaks 
et al., 2005; Rowe et al., 2009; Steen et al., 2008).  
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 Statistical approaches for modeling species distribution are diverse, and each model 
type has inherent strengths and weaknesses. Model selection is critical as accuracy can vary 
greatly with both modelling approach and study species (Araújo et al., 2005; Oaks et al., 
2005). Ensemble modeling (EM) offers a method for reducing the bias and variability 
inherent among single model SDM results as it allows for the combination of multiple model 
results to improve overall accuracy (Thuiller, 2009). Due to improvements documented in 
predictive accuracy, this approach has been increasingly used to model fish distributions 
(Araújo & New, 2006; Bouska et al., 2015; Marmion et al., 2009; Muñoz-Mas et al., 2016). 
Additionally, ensemble models have been shown to improve SDM performance for rare and 
endangered species as they are able to adjust for small sample sizes (Breiner et al., 2015; 
Sousa-Silva et al., 2014). 
The Topeka Shiner (Notropis topeka) was federally listed as endangered in the United 
States in 1998 under the Endangered Species Act (Tabor 1998). Historic populations that 
once spanned large areas of the Midwestern Great Plains in Iowa, Kansas, Minnesota, 
Missouri, Nebraska, and South Dakota were thought to be reduced 80% at the time of their 
listing (Tabor 1998). Today, many populations are still in decline (Bakevich et al., 2015; 
Nagle, 2014; U.S Fish and Wildlife Service, 2018). Topeka Shiners populations are thought 
to be restricted to three watersheds in Iowa: the North Raccoon River, Boone River, and 
Rock River watersheds (Bakevich et al., 2015; Clark, 2000; Simpson et al., 2017; Zambory et 
al., 2017). The decline of this species is believed to be a result of anthropogenic alterations to 
stream and floodplain aquatic habitats associated with the mass conversion of native habitat 
to row crop agriculture (Fischer & Paukert, 2008; Schrank et al., 2001; Tabor, 1998). 
Traditionally thought to be a fish associated with cool, clear, slow moving streams (Tabor, 
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1998), the Topeka Shiner have more recently been documented in off-channel habitats such 
as cattle ponds and oxbows (Bakevich et al., 2013; Hatch, 1998; Natural Resource 
Conservation Service, 2010). Topeka Shiners are able to persist in conditions inhospitable to 
many other fish species such as low dissolved oxygen concentrations and high water 
temperatures, that may contribute to their ability to persist in off-channel habitats such as 
oxbows that remain disconnected from the main stream channel during base flow conditions 
(Koehle & Adelman, 2007; Natural Resource Conservation Service, 2010).  
 In response to increasing recognition that Topeka Shiners are using the limited 
remaining off-channel habitats, oxbow restorations began in the North Raccoon River 
Watershed in Iowa during 2002 to support Topeka Shiner conservation (Kenney, 2013). The 
United States Fish and Wildlife Service (USFWS) identified areas where the naturally 
meandering stream was straightened or channelized using historical aerial imagery to 
excavate small, restored oxbows adjacent to perennial streams. Topeka Shiners have been 
found in many of these restored oxbows, and overwinter survival has been documented 
(Bakevich et al., 2015; Kenney, 2013, 2014; Simpson et al., 2017; Zambory et al., 2017). The 
perceived success of oxbow restoration in supporting Topeka Shiner populations has led to 
restorations occurring in the Boone River Watershed in Iowa (Boone River Watershed 2016) 
and the Rock River Watershed in Minnesota (Utrup, 2015). With the growing interest in 
oxbow restoration as a conservation method for this species, there is a critical need for 
research that will support future restoration site selection. 
 Previous work has been conducted in Iowa to model aquatic species of greatest 
conservation need (SGCN); however, the accuracy of these models has been mixed (Loan-
Wilsey et al., 2005; Menzel & Clark, 2002; Sindt et al., 2012). The Iowa Aquatic Gap 
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Analysis (IAGAP) was an attempt in 2005 to model the distribution of Iowa’s fish species 
using AnswerTree 3.1 software which used a classification tree analysis to identify broad 
landscape variables associated with species and then project predicted ranges (Loan-Wilsey 
et al., 2005). Subsequent testing of IAGAP models generated for SGCN found performance 
to be highly variable with correct classification rates ranging from 0.50 to 0.84 (Sindt et al., 
2012).  
 The objectives for this study are to 1) develop a species distribution model for Topeka 
Shiners and 2) to identify areas that may be suitable for oxbow restorations based on 
landscape characteristics. This study improves upon previous modeling success through the 
use of ensemble modeling, the inclusion of higher resolution spatial variables, and expansion 
of the available presence/absence data. I report the predictive accuracy of several single 
model approaches, and document the improvement generated when applying an ensemble 
model approach. Additionally, I identify environmental landscape variables found to be 
important when modeling Topeka Shiners at the landscape level. Finally, I projected the 
predicted distribution of Topeka Shiners in both stream and potential restoration sites using 
the ensemble model results throughout the North Raccoon River, Boone River, and Rock 
River watersheds to identify areas that may be suitable for restoration. 
Materials and Methods 
 Species distribution models were generated in the three 8-digit hydrologic unit code 
(HUC) watersheds: North Raccoon River Watershed (HUC 07100006), the Boone River 
Watershed (HUC 07100005), and the Rock River Watershed (HUC 10170204) in Iowa and 
Minnesota, USA, where there are on-going oxbow restoration projects (Figure 1). Together, 
the watersheds span 13,100 km2. The North Raccoon and Boone River watersheds are 
contained within the Des Moines Lobe ecoregion while the Rock River Watershed is within 
45 
 
the Loess Prairie Ecoregion (Griffith et al., 1994). The Des Moines Lobe ecoregion 
watersheds were grouped for two models due to similar land use and geology. Land cover for 
all these watersheds was historically wetland and prairie, but today the landscape is 
dominated by pasture and row crop agriculture that supports primarily corn and soybean 
production (Whitney, 1996). To facilitate these intensive agricultural practices, the landscape 
was drained by installation of tile and the expansion of drainage ditches, resulting in 
significant loss of hydrological connectivity of the stream to the surrounding floodplain 
(Blann et al., 2009). 
 Topeka Shiners stream presence and absence records between 2010 to 2017 were 
obtained from multiple sources including: Minnesota Department of Natural Resources 
(MNDNR), Iowa State University (Bakevich et al., 2013; Simpson et al., 2017; Zambory et 
al., 2017), and USFWS (Kenney 2013, 2014; Utrup, 2015). Like other SDMs (Bouska et al., 
2015; Gevrey et al., 2009), I used Topeka Shiner presence/absence data instead of metrics of 
relative abundance or density because data were derived from multiple sources and sampling 
methodology was not standardized or was unavailable for some records. Data represented 
sampling that occurred within both stream and oxbow habitats; the ratio of presence to 
absence records varied between watersheds and habitat type (Table 1) and absence records 
were treated as true absences without consideration of imperfect detection (MacKenzie et al., 
2002) for this analysis. Although excluding detection probability in SDMs has been found to 
reduce predictive performance for poorly detectable species, it was found to not significantly 
improve the predictive performance of ensemble model approaches for highly detectable 
species (Comte & Grenouillet, 2013). Estimates of detection probabilities for Topeka Shiners 
in streams are not available; however, a recent estimate of Topeka Shiner detection 
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probability in oxbows was over 90% (Fischer et al., In Press). If multiple data records existed 
within a location (i.e., a site was sampled multiple years), those multiple records were 
synthesized into one. For any site sampled multiple times if a presence was recorded the 
location was considered one presence site. 
 Environmental variables commonly found in fish SDMs as well as variables thought 
to have significant effects on Topeka Shiner distribution based on a literature review and 
professional judgement were collected at multiple spatial scales for both habitat types (Table 
2). Environmental GIS data layers were all transformed to a common projection (UTM zone 
15N, NAD83) using ArcGIS software (ESRI, ArcGIS Release 10.4.1. Redlands, CA). 
Oxbow and stream habitats were modeled separately. Stream habitat modeling was 
conducted at the stream segment spatial scale that is defined as the length of stream between 
upstream and downstream confluences. Oxbow habitat modeling results were projected on 
potential restoration site locations identified (Chapter 2).  
 Stream networks for all three watersheds were delineated by a 40.47 ha drainage 
threshold using 2m horizontal resolution Light Detection and Ranging (LiDAR) derived 
bare-earth digital elevation models (DEMs; Chapter 2). Stream network processing was 
conducted in ESRI’s ArcGIS 10.4.1 platform using the agricultural conservation planning 
framework (ACPF) toolbox (Tomer et al., 2015). Validation of the stream network was 
completed by inspecting derived stream flow paths against 2015 NAIP aerial imagery to 
ensure proper flow. A custom stream drainage network was delineated to produce a high-
resolution dataset as well as to be compatible with potential oxbow restoration locations. 
Each stream segment’s Shreve magnitude, Strahler stream order, slope, length, upstream 
drainage area, and downstream drainage area were calculated from the ACPF toolbox output 
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(ESRI, 2016; Tomer et al., 2015). Sinuosity was calculated for each segment by dividing the 
segment total length by the straight-line distance from the upstream to downstream 
confluence. D-link, or the Shreve magnitude of the stream segment directly downstream of 
each segment, was also included as a stream segment environmental variable as it has been 
demonstrated to influence aquatic biological communities (Osborn & Wiley, 1992; Smith & 
Kraft, 2005). Elevation was derived from the same 2m DEM described above. For stream 
segments, elevation was overlaid on the stream segment as a continuous variable. I calculated 
a stream site’s elevation as the elevation at the point of sampling while oxbow site’s 
elevation was calculated as the mean elevation of the feature.    
 Physical habitat within the stream network can be influenced by land cover at varying 
spatial scales and the inclusion of multiscale variables has been shown to increase model 
predictive performance (Brewer et al., 2007; Hopkins & Burr, 2009; Rowe et al., 2009). 
Therefore, percent land cover was collected at three spatial scales: the stream segment 
catchment, the HUC 12, and HUC 10 levels for both oxbow and stream habitat types (Figure 
2). Stream segment catchments were calculated along with the created stream network using 
the ACPF toolbox (Tomer et al., 2015). Percent land cover at each of these spatial scales was 
quantified using 2016 CropScape coverage which was reclassified into seven categories: 
crop, hay, developed land, forest, pasture, water, and wetland (USDA, 2016). The crop 
category included only soy bean and corn land cover classes as they dominate agricultural 
practices in the region (USDA, 2016). The forest category was reclassified from all forest 
classifications within CropScape and included the woody wetland land cover class. Wetlands 
therefore were only classified from CropScape’s herbaceous wetlands class. I included two 
climatic variables obtained from WorldClim version 2 commonly used in species distribution 
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modeling: mean annual temperature and mean annual precipitation (Fick & Hijmans, 2017). 
Both metrics represent average annual values between 1970 to 2000 and are considered 
values representative of current climatic conditions. Percentage dominant parent material of 
the surrounding watershed can influence Topeka Shiner distribution (Wall et al., 2004) and 
was therefore also included as a variable within each of the spatial scales. Percent dominant 
parent material data were obtained from the Soil Survey Geographic (National Resources 
Conservation Service) database and were reclassified into nine different classifications based 
on the top dominant parent material (Table 2). Finally, culverts can also influence Topeka 
Shiner distribution (Wall et al., 2004); thus, the density of culverts in all spatial scales and 
distance to the nearest culvert were included as variables.  
 Oxbow habitat models included all the stream and watershed characteristics of the 
nearest stream segment with the exclusion of distance to nearest culvert. Additional variables 
included in oxbow habitat models were percent land use within 100m and 30m buffers of the 
oxbow habitat, but excluding the oxbow feature itself. The 3,557 potential oxbow restoration 
habitats that models were projected onto were generated using the highest ranking output 
features of a process developed to identify candidate restoration sites (Chapter 2). If the 
process failed to identify sites that were sampled and therefore known to be oxbows, those 
sites were manually outlined in ArcGIS and merged with the pool of potential modeling 
locations.  
 Stream SDMs were projected onto environmental data describing 1,448 stream 
segments that had been resampled to 250m resolution (Wilson et al., 2011). Because I 
intended to project distribution models on all potential candidate oxbow sites, oxbow SDMs 
were projected at a much finer scale to prevent overlap of data. Once variables were collected 
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for each potential oxbow restoration site feature, the feature was converted to a center point 
and then each variable was converted to a 30m resolution raster dataset. Once projections 
were calculated, the predictions of suitability were then attributed to its original feature shape 
for easier visualization. 
 Topeka Shiner SDM was performed using R 3.4.1 software (R Development Core 
Team, 2017) and the biomod2 package (Thuiller et al., 2014) using five single model 
approaches: generalized linear model (GLM), random forest (RF), multiple adaptive 
regression splines (MARS), classification tree analysis (CTA), Maximum Entropy Model 
(MAXENT), and generalized boosting model (GBM). SDMs were created for each 
watershed separately, the two watersheds combined in the Des Moines Lobe ecoregion, and 
the entire study area. Models at each of these five spatial levels were run for streams 
separately, oxbows separately, and streams and oxbows combined.  
 An independent dataset with which to evaluate results was unavailable, so data were 
randomly split into training (70%) and testing (30%) subsets (Marmion et al., 2009). Each 
model type was run 20 times for a total of 120 models to reduce sensitivity of the final 
ensemble model (Thuiller et al., 2014). Each model run was calibrated on the training dataset 
and evaluated on the withheld “test” data to assess performance. Models were run using the 
default settings within biomod2. The default parameters for each modeling strategy of this 
package are available at (Thuiller et al., 2014). Because multiscale landscape variables are 
often highly collinear, I used a variance inflation factor (VIF) to reduce variables. Variables 
with a VIF ≥ 5 were considered highly collinear and were therefore removed from the 
variable pool (Frederico et al., 2014; Pool et al., 2010). Removal was performed via a 
stepwise process that iteratively removed the variable with the greatest VIF value, then 
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recalculated the VIF scores for variables until no variables had a VIF greater than 5 (Nami et 
al., 2014). Variables below the VIF threshold were then considered possible variables to 
include in the model. If any variables remained that had a Pearson’s correlation coefficient 
(r) ≥ 0.60, the variable with the lower variable importance was removed. Biomod2 employs 
further stepwise variable selection to determine the best models based on the model’s Akaike 
Information Criteria (AIC), and this process was conducted separately for each individual 
GLM model.  
 Variable importance was generated for all variables for each modeling strategy. 
Variable importance in biomod2 was calculated per individual model by randomizing each 
variable and assessing the correlation between the original model’s prediction and the 
prediction of the model with a randomized variable. Variable importance was calculated by 
one minus the correlation value between the compared models; therefore, if correlation 
between the two models were strong, the variable that was randomized is attributed a low 
importance (Thuiller et al., 2014). Average percent variable importance was calculated for 
each SDM by averaging the percent of each variable’s importance calculated for each 
individual model. The average percent variable importance for each model was used to 
standardize variable importance and make the values comparable between models. Only 
variables with an average percent contribution to total variable importance ≥5% were to be 
considered influential (Bouska et al., 2015). Variables with an average percent contribution 
to total variable importance <5% were excluded from analysis. Whether the variables 
considered had a positive or negative effect on Topeka Shiner distribution was determined by 
the examination of response plots. Positive response plot slopes indicated a positive effect on 
distribution while negative slopes were considered indications of variables that limited 
51 
 
Topeka Shiner distribution.  Model performance was evaluated using the area under the 
receiver operating characteristic (AUC; Fielding & Bell, 1997). The AUC score is a 
threshold-independent statistic that ranges from 0 to 1 with a value of 0.50 indicating a model 
that performs no better than random choice and values closer to 1 indicating greater 
predictive power. Explanatory variable importance values were reported to show the 
variables most influential to predicting Topeka Shiner distribution. Finally, an ensemble 
model was developed for each habitat type and watershed combination using the weighted 
averages of single models’ projections of distribution. Models were weighted by their AUC 
values, but only models with an AUC value ≥ 0.50 were included in the ensemble model 
(Marmion et al., 2009). Final projections of Topeka Shiner distribution were then generated 
using the ensemble models to display current potential distribution.    
Results 
Individual Models 
 Individual model performance varied widely among modeling approaches, 
watersheds, and habitat type (Figure 3). Some models were excluded from all-watershed 
ensemble models except the stream ensemble model for the Rock River Watershed (Figure 3) 
due to the individual model failing to meet the 0.50 AUC performance threshold. Low 
sample size for the Boone River Watershed oxbow (n = 27) and the Rock River Watershed 
oxbow model (n = 48) did not allow for completion of GBM modeling with the default 
parameters; thus, the algorithm was excluded from those watershed analyses.  
 Predictive power also varied between watershed and habitat models. Median AUC 
values were always greatest for RF and GBM models for all watersheds and habitats (Figures 
3-4). No model consistently had the lowest median value for the stream analyses, but the 
MAXENT model was the consistently lowest performing model for the oxbow analyses. The 
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Rock River Watershed oxbow analysis had the worst performing individual models as many 
individuals did not meet the 0.50 AUC threshold, and the models that did meet the AUC 
criterion had median values between ~0.55 and ~0.70.  
Ensemble Models 
 Ensemble models generated for all watersheds and for both habitat types indicated 
strong ability to predict Topeka Shiner distribution with all models having AUC values > 
0.80. AUC values for the ensemble model test data ranged from 0.95 to 1 (Table 3). Model 
performance was strongest for the watersheds within the Des Moines Lobe ecoregion with 
the single Boone River Watershed, North Raccoon River Watershed, and combined Des 
Moines Lobe ecoregion watershed ensemble models having essentially perfect 
discriminatory power for stream segments and oxbow habitats. Though still very strong, the 
Rock River Watershed stream analysis had the lowest AUC scores of both habitat types. 
Oxbow habitat models had slightly greater AUC values than the stream models for each 
watershed. Models for both habitat types tended to have high sensitivity and specificity 
values, though sensitivity was almost always greater than specificity. An exception of this 
trend occurred in the Rock River Watershed model where sensitivity was much lower than 
specificity. The Rock River Watershed model’s lower sensitivity indicates it excluded some 
areas as Topeka Shiner distribution when they had been found there. The all-watershed 
combined oxbow model had the lowest specificity value indicating that it had the poorest 
ability to identify unsuitable habitat. The results of the ensemble models were projected in 
UTM 15 spatial projection to visually areas suitable for Topeka Shiner habitat in stream 
(Figure 5) and oxbow (Figure 6) habitats. 
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Environmental Variable Influences 
Boone River Watershed 
 Several variables appeared to be influential in the Boone River Watershed stream 
model (Table 4). Though GLM, MARS, and CTA models appeared to show little to no 
influence of all variables on Topeka Shiner distribution in streams within the Boone River 
Watershed, RF and GBM models both indicated positive and negative effects of the 
environmental variables (A1). The percent water within the HUC 10, density of stream/road 
crossings and dams, and average annual temperature appeared to negatively influence 
distribution as increases in these variables resulted in decreases in probability of presence in 
Topeka Shiner distribution. Conversely, increasing percent outwash, other parent material 
within the HUC 10, and sinuosity environmental variables resulted in modeled increases in 
Topeka Shiner probability. 
 Only three variables were identified to strongly influence Topeka Shiner presence in 
the Boone River Watershed oxbows (Table 4). Percent till parent material showed a positive 
effect in predicted presence, though each modeling type had different thresholds where the 
increase in probability occurred (A2). Greater percent wetland within a 30m buffer of the 
oxbow displayed slight increases in probably of modeled presence. However, greater forest 
cover in the stream segment adjacent to the oxbow displayed a decrease in modeled Topeka 
Shiner presence.  
North Raccoon River Watershed 
 The North Raccoon River Watershed stream models indicated five important 
variables: percent other parent material in the HUC 10, percent till parent material in the 
HUC 10, the percent developed land in the HUC 12, the percent outwash parent material in 
the stream segment catchment, and the percent eoilian parent material in the stream segment 
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catchment (Table 4). The percent other parent material in the HUC 10, percent developed 
land in the HUC 12, percent outwash parent material in the stream segment catchment, and 
percent eoilian parent material in the stream segment catchment all had negative associations 
with Topeka Shiner distribution, though the latter two appeared to have weak responses (A3). 
The percent till parent material in the HUC 10 had a positive relationship with Topeka Shiner 
distribution.      
 Percent hay, developed, water, and forest land cover types within the adjacent stream 
catchment and percent wetland and cropland within the 100m buffer of an oxbow were found 
to be important environmental drivers of Topeka Shiner distribution within the North 
Raccoon River Watershed (Table 4). All percent land cover variables within the adjacent 
stream catchment appeared to have negative associations with Topeka Shiner presence, 
though the CTA models and MARS models showed the least amount of response (A4). 
Increasing percentage of wetland land cover within the 100m buffer of the oxbow appeared 
to show increasing probability of Topeka Shiner presence with most modeling types. Percent 
cropland within the 100m buffer initially showed a positive association with Topeka Shiners, 
but then changed to a negative trend above 30% coverage for most models.  
Des Moines Lobe Ecoregion Watersheds 
 The Des Moines Lobe watersheds combined stream model identified five variables 
that were influential: percent wetland in the HUC 10, stream segment slope, percent 
colluvium and outwash parent material in the HUC 10, and percent pasture cover in the 
stream segment catchment (Table 4). Most models showed a negative trend between both 
slope and percent colluvium within the HUC 10 variables to Topeka Shiner distribution (A5). 
Positive associations between percent pasture within the stream catchment and percent 
outwash parent materials within the HUC 10 were observed in most models. Conflict 
55 
 
between model type’s variable influence and Topeka Shiner distribution were observed for 
the percent wetland cover in the HUC 10; MAXENT, RF, and GBM displayed a negative 
association with Topeka Shiner distribution, but the MARS models showed a peak in Topeka 
Shiner presence probability in HUC 10 watersheds with 0.60-0.75% wetland cover. 
 Influential variables for the Des Moines Lobe ecoregion watersheds oxbow model 
included precipitation, percent cropland within a 100m buffer, percent wetland cover within a 
100m buffer, percent forest cover within the adjacent stream catchment, percent colluvium 
parent material within the HUC 10, and percent hay within the HUC 12 (Table 4). Of these 
variables, a negative association with Topeka Shiner distribution was observed for percent 
forest cover within the stream catchment, percent colluvium in the HUC 10, and percent hay 
when modeled with RF, GBM, and MAXENT models (A6). An increase in probability of 
Topeka Shiner presence was observed with increasing percentage of wetland within the 
100m buffer of the oxbow with RF, GBM, and MAXENT model. However, MARS models 
showed an initial increase of habitat suitability with increasing wetland cover within the 
buffer, but then a decrease after reaching ~12-15%.  Percent cropland within the 100m buffer 
of the oxbow showed a peak probability of Topeka Shiner presence between the 20-35% with 
RF, GBM, MAXENT, and MARS models, and decreasing modeled probability outside of 
this range. Precipitation exhibited an opposite trend than percent cropland within in the 
oxbow buffer as the lowest probability of Topeka Shiner occurrence was modeled between 
the middle range of the precipitation, and greater probabilities of Topeka Shiners were 
modeled to occur at the more extreme ranges of precipitation values. MARS models showed 
a more extreme range of predictions than RF, MAXENT, or GBM models.  
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Rock River Watershed 
 The Rock River Watershed stream models identified four influential variables: 
sinuosity, percent pasture in the stream segment catchment, percent wetland in the stream 
segment catchment, and the distance to the nearest stream/road crossing or dam (Table 4). 
Sinuosity and percent pasture within the stream segment catchment had positive effects on 
Topeka Shiner distribution in RF, GBM, and MAXENT modeling types (A7). Sinuosity also 
exhibited positive association for most CTA and MARS models. MARS models for percent 
pasture within the stream catchment showed peaks around 20%, then exhibited a decrease in 
probability after this peak. The percent of wetland within the stream segment catchment and 
distance to the nearest stream/road crossing or dam had negative associations with Topeka 
Shiners in GBM, RF, and MAXENT models. Some CTA models also supported these 
negative associations.   
 Six variables were identified as influential for the Rock River Watershed oxbow 
model: percent cropland within the 100 m buffer of the oxbow, precipitation, percent wetland 
land cover within a 30 m buffer of the wetland, percent developed land cover within the 
adjacent stream catchment, percent hay in the 30m buffer of the oxbow, and percent hay 
within the adjacent stream catchment (Table 4). Examination of the response curves 
generated for these variables did not appear to display any strong responses, but weak 
negative effects were observed for precipitation, wetland within a 30m buffer, and percent 
hay within a 30 m buffer in RF, GBM, and MAXENT models (A8).  
All Watersheds Combined 
 Six variables (percent water in the HUC10, percent wetland in the HUC10, stream 
segment sinuosity, percent outwash parent material in the HUC 10, percent pasture in the 
stream segment catchment, and percent other parent material in the HUC 10) influenced 
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Topeka Shiner distribution in the all-watershed combined stream model (Table 4). 
Examination of the response plots of all individual models to the variables found varying 
thresholds and effects of influence on Topeka Shiner distribution (A9). GBM, RF, and 
MARS models revealed a negative influence of percent water within the HUC 10 on Topeka 
Shiner distribution. A negative effect was also overserved in the GBM and RF models with 
the percent wetland in the HUC 10. Positive effects of sinuosity, percent pasture within the 
stream segment catchment, and percent outwash parent material in the HUC 10.  Though 
considered influential, no strong effect of the percentage of other parent material within the 
HUC 10 were observed from the response curves. 
 Fewer variables were observed to be influential to Topeka Shiner distribution in 
oxbows in all the watersheds (Table 4). However, the three variables identified (percent 
water in the HUC 10, percent forest in the stream segment catchment, and percent water in 
the HUC 12) were found to all have negative influences on Topeka Shiner distribution (A10).  
Discussion 
 Knowing the distributions of species and understanding their determining factors are 
important for effective management. Creation of SDMs is an important step in turning 
knowledge of species distributions into effective management tools. This study aimed to 
develop and evaluate the performance of ensemble SDMs conducted at multiple scales for 
both stream and oxbow habitats for the endangered Topeka Shiner. For all models I found 
that multiscale landscape variables effectively predicted Topeka Shiner presence using an 
ensemble model approach. The effects of landscape variables observed in this study were 
consistent with the effects of similar variables had in previous studies examining the Topeka 
Shiner habitat associations. 
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 Topeka Shiner instream habitat has been characterized as occurring primarily in 
smaller, headwater stream segments with slow velocities and abundant pool habitat (Bakevich 
et al., 2013; Hatch, 1998; Natural Resource Conservation Service, 2010). The landscape factors 
influencing Topeka Shiner instream distribution in this study are consistent with findings of 
previous studies. Low stream velocities are associated with shallow slope and increased stream 
sinuosity, and both variables were found to be associated with Topeka Shiner presence in 
previous studies (Clark, 2000; Wall et al., 2004). Sinuosity was influential in all watershed 
models except for in the North Raccoon River Watershed. Greater sinuosity is additionally 
associated with more complex habitat and residual pool volume (Rowe et al., 2009).     
 Land use associations identified in this study were also consistent with previous work 
modeling Topeka Shiner habitat. Iowa and southwestern Minnesota landscapes are 
homogenous, primarily dominated by row crop agriculture and pasture land (Whitney, 1996). 
The association of Topeka Shiners with off-channel habitats such as oxbows and dugouts has 
reinforced the importance of floodplain connectivity to the Topeka Shiner’s life history. 
However, the percentage of wetland within the varying spatial scales was found to be 
negatively associated with Topeka Shiner distribution in most watershed stream models. While 
initially appearing counter-intuitive, this negative association may be attributed to Topeka 
Shiner selection of floodplain habitats and thus being less prevalent in the adjacent streams. 
Topeka Shiners have been found in greater numbers in off-channel habitats than in the stream 
(Bakevich et al., 2013; Simpson et al., 2017; Zambory et al., 2017). Topeka Shiners may be 
actively selecting for these habitats and moving from the stream to these floodplain refuges 
when connected during floods. The presence of wetland habitat within buffers of the oxbow 
habitat were found to be positively associated with Topeka Shiner habitat in some models that 
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might indicate a greater level of connectivity to the stream channel and thus less risk of 
desiccation (Fischer et al., In Press). I did not include a variable characterizing oxbow 
connectivity in this study because often connectivity is artificially enhanced during restoration, 
and I projected the estimates of Topeka Shiner distribution on identified potential restoration 
sites. Because of recent evidence for the importance of connectivity (Fischer et al., In Press) I 
suggest that future studies seek correlates of connectivity that can be measured remotely. 
 When percent water was an important factor in the models it was always a negative 
influence on Topeka Shiner distribution. Though this result may also seem counterintuitive, 
large percentage of water land cover is an indication of larger water bodies (i.e., large rivers 
and streams) and Topeka Shiners have been typically associated with lower order streams and 
smaller areas of open water. Though unlike previous studies, the models generated in this study 
did not show a high importance of longitudinal variables such as Strahler stream order, D-link, 
or Shreve magnitude in modeling a stream fish’s distribution (Sindt et al., 2012; Wall et al., 
2004), the Topeka Shiner’s association with smaller streams may have been captured with the 
percent water variable.  
 The effect of stream fragmentation on Topeka Shiner distribution was only explored 
for stream models. The two impoundment variables considered were distance to nearest stream 
crossing and density of stream/road crossings and dams. Both these variables were found to 
have negative effects on Topeka Shiner distribution. Impoundments and increased instream 
fragmentation have been negatively correlated with Topeka Shiners across their range in 
previous studies (Gerken & Paukert, 2013; Schank et al., 2001; Mammoliti, 2002). Though 
impoundments may prevent dispersal of healthy populations to reestablish extirpated 
populations, impoundments also provide habitat for piscivorous fish such as Smallmouth Bass 
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(Micropterus dolomieu) that may consume small cyprinid species such as the Topeka Shiner. 
In addition to direct anthropogenic alterations to instream conditions, anthropogenic alterations 
to the surrounding watershed land cover also exhibited important effects on Topeka Shiner 
distribution. Percent developed land within the stream catchment negatively influenced 
Topeka Shiner distribution. Developed land is correlated with impervious surface coverage 
and therefore associated with the effects of increased surface runoff such as increased 
“flashiness” of the hydrological regime, increased nutrient and pollution inputs, and warming 
(Diamond et al., 2002; Violin et al., 2011).  
 Terrestrial vegetation also influenced Topeka Shiner distribution. For stream models, 
Topeka shiner distribution was positively associated with pasture but negatively associated 
with hay. Though intriguing, we believe an analysis grouping pasture and hay land cover 
groups might provide a clearer picture of the effect of grassland habitat has on Topeka Shiner 
presence, and this future method is supported in some literature that groups these land classes 
for species distribution modeling in prairie streams (Gido et al., 2006; Statmann, et al., 2016.)  
Percent crop had varying associations with Topeka Shiner distribution. The percent crop within 
a 100m buffer of the oxbow positively influenced Topeka Shiner distribution in oxbows in two 
of the watersheds while negatively influencing distribution in another. Crop land use was 
positively correlated with Topeka Shiner oxbow distribution in the North Raccoon River 
Watershed and the Des Moines Lobe combined watershed models, but this may be a reflection 
of the intense coverage of crop land use within these watersheds and is most likely not a driving 
factor for Topeka Shiner presence in these habitats. These terrestrial vegetation associations 
are consistent with previous studies between Topeka Shiner presence in agricultural landscapes 
(Bakevich et al., 2013; Wall et al., 2004).  
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 The percentages of geologic parent material were often the most important factors in 
determining Topeka Shiner distribution. These parent material characteristics were most often 
influential at larger watershed scales rather than the catchment. The three parent materials that 
were influential in three or more models were percent outwash parent material, percent 
colluvium, and percent other parent material. Alluvium was found to be positively associated 
with Topeka Shiner presence while lacustrine parent material was found to be negative in a 
gap analysis in South Dakota (Wall et al., 2004). In this analysis, both of these parent material 
classes were highly correlated with other variables and were often removed during the 
elimination of collinear variables. The remaining parent material classes could be proxies for 
these two variables in the watersheds of study. It merits noting that the White Fox Creek HUC 
10 watershed in the Boone River Watershed is uniquely dominated by lacustrine parent 
material which was found to be negatively associated with Topeka Shiner presence in previous 
studies (Wall et al., 2004) and it was the only HUC 10 where Topeka Shiner were not collected 
between 2010-2017. Parent material, aquifer thickness and groundwater flow have been shown 
to vary among oxbows in southwest Minnesota (Berg et al., 2004), and oxbows in Iowa have 
been shown to exhibit highly variable hydrodynamics with consequences for connectivity with 
adjacent streams and occupancy of Topeka Shiners and other fish species (Fischer et al., In 
Press). These findings along with the results presented herein suggest that more studies are 
needed to better understand important potential linkages among geology, groundwater, and 
quality of oxbows as habitat for Topeka shiners and other fish species.  
 Overall, based on the AUC values for all watersheds and habitats, these models 
performed extremely well in identifying the distribution of Topeka Shiners within the study 
area. These high values indicate strong predictive performance of the models and may be 
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attributed to limiting the scope of this study to HUC 8 watersheds known to contain 
populations of Topeka Shiners. Sensitivity values for the models indicate that most models 
were effective at identifying areas that were documented to contain Topeka Shiners.  
 These SDMs provide important tools for predicting the spatial distribution of Topeka 
shiners, and insight into the landscape-level factors associated with their presence. For 
example, the North Raccoon River Watershed was previously thought to be a stronghold for 
the species in Iowa while the Boone River Watershed populations were thought to be extremely 
restricted (Bakevich et al., 2015). However, the models indicated that the southern segments 
of the North Raccoon River Watershed might be suitable habitat. This portion of the North 
Raccoon River Watershed is more urban than any other areas within the scope of this study, 
and to my knowledge has not been sampled within the last decade for Topeka Shiners. 
Therefore, it may indicate a need for future sampling and perhaps restoration efforts.  
 SDMs have been used to model stream species distribution within stream channels, 
but to my knowledge this is the first attempt to create an EM for off-channel habitats such as 
oxbows. Though this research focuses on Topeka Shiners, it demonstrates the potential for 
creation of similar SDMs for other fish species. Off-channel habitats and the stream’s 
connectivity to the floodplain have been shown to be important for many aquatic species and 
off-channel habitat restoration has been critical for the conservation of Oregon Chub 
(Oregonichthys crameri) and Coho Salmon (Oncorhynchus kisutch) populations (Junk et al., 
1989; Scheerer et al., 2002; Ogston et al., 2015). Habitat modeling of potential restoration 
sites may allow managers to prioritize areas where restorations may be most effective for the 
target species. The value of species distribution modeling for restoration planning can be 
illustrated by recent restorations conducted on the White Fox Creek in the Boone River 
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Watershed. The habitat models indicated low habitat suitability along the White Fox Creek 
for Topeka Shiners, corroborating sampling in the stream as well as in both unrestored and 
restored oxbows that yielded no Topeka Shiners (Simpson et al., 2017). Though these oxbow 
restorations have ecological benefits, such as nutrient reduction and may also provide habitat 
for other species though increased floodplain connectivity, SDMs can help guide 
management plans if a particular species is the target for conservation (Schilling et al., 2017; 
Ward et al., 1999). 
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Tables 
Table 1. Topeka Shiner presence/absence distribution of records (2010-2017) by habitat (stream versus off-channel habitat) and 
watershed. The distribution of presence and absence records associated with each analysis are also shown. 
Watershed/Watershed Group Habitat 
Total 
Records Absences Presences % Presence 
Boone River Watershed 
Stream 83 62 21 25.30% 
Off-Channel 27 14 13 48.15% 
      
North Raccoon River Watershed 
Stream 63 51 12 19.04% 
Off-Channel 60 38 22 36.67% 
      
Des Moines Lobe watersheds (Boone and 
North Raccoon watersheds combined) 
Stream 146 113 33 22.60% 
Off-Channel 87 35 52 59.77% 
      
Rock River Watershed 
Stream 104 60 44 42.31% 
Off-Channel 48 12 36 75.00% 
      
All-watersheds combined 
Stream 250 173 77 30.80% 
Off-Channel 135 64 71 52.59% 
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Table 2. Environmental variables considered for Topeka Shiner SDM. Spatial scales indicate whether variables were collected at the 
sampling site, HUC10, HUC12, stream segment catchment, or oxbow buffered spatial scales.  
Variable Description Scale 
Citation(s) Supporting Variable 
Selection 
Parent Material    
alluv % area alluvium material is the top dominant parent material 1, 2, 3 (Wall et al. 2004) 
colluv 
% area in which colluvium material is the top dominant parent 
material 
1, 2, 3 (Wall et al. 2004) 
eoil % area in which eoilan sand is the top dominant parent material 1, 2, 3 (Wall et al. 2004) 
lacu 
% area in which lacustrine deposits are the top dominant parent 
material 
1, 2, 3 (Wall et al. 2004) 
loess % area in which loess material is the top dominant parent material 1, 2, 3 (Wall et al. 2004) 
other % area in which other material is the top dominant parent material 1, 2, 3 (Wall et al. 2004) 
outws 
% area in which glacial outwash is the top dominant parent 
material 
1, 2, 3 (Wall et al. 2004) 
till % area in which till material is the top dominant parent material 1, 2, 3 (Wall et al. 2004) 
vloam 
% area in which variable loamy sediment is the top dominant 
parent material 
1, 2, 3 (Wall et al. 2004) 
Stream 
Segment 
Physical 
Characteristics 
   
darea drainage area of the downstream confluence 4 
*selected to capture entire upstream 
drainage area including stream 
len length 4 
*selected as a measure of distance of 
uninterrupted stream 
mag Shreve magnitude 4 
(Smith and Kraft 2005; Oaks et al. 
2005) 
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Table 2 continued   
Variable Description Scale 
Citation(s) Supporting Variable 
Selection 
order 
Strahler stream order 4 
(Smith and Kraft 2005; Oaks et al. 
2005; Bouska et al. 2015) 
sin sinuosity 4 
(Clark 2000; Wall et al. 2004; Rowe et 
al. 2009; Bouska et al. 2015) 
slope slope 4 (Rowe et al. 2009; Bouska et al. 2015) 
D-link Shreve magnitude of the next downstream segment 4 
(Osborn and Wiley 1992; Smith and 
Kraft 2005) 
uarea drainage area of the upstream confluence 4 (Bouska et al. 2015; Oaks et al. 2005) 
    
Climate 
Variables 
   
precip 
average precipitation 1970-2000 
 
5 
(Murphy et al. 2015; Bouska et al. 
2015) 
temp average temperature 1970-2000 5 
(Murphy et al. 2015; Bouska et al. 
2015) 
    
Elevation    
elev elevation (cm) 5 (Murphy et al. 2015) 
    
Anthropogenic 
Alterations 
   
path_dist distance to the nearest stream/road crossing (m) 6 (Schrank et al. 2001; Rowe et al. 2009) 
crossing density of stream/road crossings per stream length 1, 2, 3 (Schrank et al. 2001; Rowe et al. 2009) 
Land Use    
crop land area classified as corn and soybean agriculture (%) 1, 2, 3, 7, 8 
(Wall et al. 2004; Rowe et al. 2009; 
Bouska et al. 2015) 
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Table 2 continued 
Variable Description Scale 
Citation(s) Supporting Variable 
Selection 
develop land area classified as developed land (%) 1, 2, 3, 7, 8 
(Wall et al. 2004; Rowe et al. 2009; 
Bouska et al. 2015) 
forest land area classified as forested land (%) 1, 2, 3, 7, 8 
(Wall et al. 2004; Rowe et al. 2009; 
Bouska et al. 2015) 
hay land area classified as hay (%) 1, 2, 3, 7, 8 (Wall et al. 2004; Rowe et al. 2009) 
pasture land area classified as pasture land (%) 1, 2, 3, 7, 8 
(Wall et al. 2004; Rowe et al. 2009; 
Bouska et al. 2015) 
water land area classified as open water (%) 1, 2, 3, 7, 8 
(Wall et al. 2004; Rowe et al. 2009; 
Bouska et al. 2015) 
wetland land area classified as wetland (%) 1, 2, 3, 7, 8 
(Wall et al. 2004; Rowe et al. 2009; 
Bouska et al. 2015) 
    
1HUC10 
2HUC12 
3Stream Catchment 
4Stream Segment/Nearest Stream Segment 
5 Stream/Oxbow Site 
6 Stream Site 
7100m buff (only applicable to oxbow sites) 
830m buff (only applicable to oxbow sites) 
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Table 3. Ensemble model predictive power as evaluated by the Area under the Receiver Operator Curve (AUC), sensitivity (true 
positive rate), and specificity (true negative rate) by watershed and habitat type.               
Watershed/Watershed Group Habitat AUC Sensitivity Specificity 
Boone River Watershed 
Stream 1 100.00 100.00 
Off-Channel 1 100.00 100.00 
     
North Raccoon River Watershed 
Stream 1 100.00 96.08 
Off-Channel 1 100.00 97.37 
     
Des Moines Lobe watersheds (Boone and North 
Raccoon watersheds combined) 
Stream 1 100.00 97.32 
Off-Channel 1 100.00 96.15 
     
Rock River Watershed 
Stream .95 81.82 100.00 
Off-Channel .98 91.67 100.00 
     
All-watersheds combined 
Stream 0.97 93.51 88.38 
Off-Channel 0.98 97.18 92.12 
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Table 4. Average percent variable importance among all models conducted at each habitat for 
each watershed/watershed group. Only variables with an average variable importance ≥ 5% for 
all individual modeling types combined were considered influential and included. 
Watershed Habitat Variable 
Average Percent 
Importance Across All 
Models 
Boone River Watershed 
    
Stream   
  water_HUC10 18.71 
  outws_ HUC10 11.73 
  crossing_catchment 11.10 
  other_HUC12 8.96 
  sin 6.58 
  temperature 5.15 
 Oxbow   
  till_HUC12 67.79 
  wetland_30m_buffer 9.31 
  forest_catchment 7.11 
North Raccoon River 
Watershed    
 Stream   
  other_HUC10 35.96 
  till_HUC10 12.06 
  develop_HUC12 7.23 
  outws_catchment 6.13 
  eoil_catchment 5.04 
 Oxbow   
  hay_catchment 14.94 
  develop_catchment 14.48 
  water_catchment 13.32 
  forest_catchment 12.16 
  wetland_100m_buffer 9.03 
  crop_100m_buffer 8.90 
Des Moines Lobe 
Combined Watersheds    
 Stream   
  wetland_100m_buffer 17.08 
  slope 16.64 
  colluv_HUC10 10.53 
  outws_HUC10 9.41 
  pasture_catchment 6.43 
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Table 4 continued    
Watershed Habitat Variable 
Average Percent 
Importance Across All 
Models 
    
 Oxbow   
  colluv_catchment 19.59 
  precip 11.08 
  crop_100m_buffer 10.40 
  wetland_100m_buffer 8.51 
  forest_catchment 6.28 
  colluv_HUC10 5.04 
  hay_HUC12 5.01 
Rock River Watershed 
    
Stream   
  sin 31.89 
  pasture_catchment 10.42 
  wetland_catchment 9.56 
  PathDis 6.11 
 Oxbow crop100 23.89 
  precipitation 18.34 
  wetland_30_buffer 16.65 
  develop_catchment 8.45 
  hay_30m_bufer 7.17 
  hay_catchment 5.07 
    
All Combined Watersheds    
 Stream   
  water_HUC10 11.66 
  wetland_HUC10 14.96 
  sin 11.18 
  outws_HUC10 5.78 
  pasture_catchment 5.39 
  other_HUC10 5.13 
 Oxbow   
  water_HUC10 38.61 
  forest_catchment 8.03 
  water_HUC12 6.73 
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Figures 
 
Figure 1.  Rock River Watershed (black), North Raccoon River (grey), and Boone River 
Watershed (white) located in southwestern Minnesota and northwest and central Iowa, USA 
where the Topeka Shiner SDMs were applied. The Des Moines Lobe ecoregion is outlined in 
a dashed line.        
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Figure 2. An example of the three spatial scales (stream catchment (left), HUC 12 (middle), and HUC10 (right)) at which landscape 
scale variables were calculated in the Rock River HUC 8 watershed. Black lines represent HUC boundaries; blue lines represent 
streams. 
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Figure 3. Boxplots illustrating stream model performance (AUC) values of individual models per watershed used in the ensemble 
model. AUC defined in text. Sample size for modeling type that was included in the final ensemble model are indicated below each 
boxplot. Bars in the middle of the boxes represent median values, hinges represent the 25th and 75th percentiles, whiskers extend to the 
highest and lowest values, but no further than 1.5 * the interquartile range, and outliers are represented by individual points. 
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Figure 4. Boxplots illustrating oxbow model performance (AUC) values of individual models per watershed used in the ensemble 
model. AUC defined in text. Sample size for modeling type that was included in the final ensemble model are indicated below each 
boxplot. Bars in the middle of the boxes represent median values, hinges represent the 25th and 75th percentiles, whiskers extend to the 
highest and lowest values, but no further than 1.5 * the interquartile range, and outliers are represented by individual points. 
  
8
2
 
 
Figure 5. Ensemble model projections of degree of suitability of occupancy by Topeka shiners on stream segments for the three 
watersheds and two watershed groupings in Iowa and Minnesota, USA. Colors indicate degree of suitability. 
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Figure 5. An example of the output of the oxbow habitat suitability model generated with the North Raccoon watershed model. Colors 
indicate degree of suitability.
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Figure 6. Boxplots of the distribution of the difference between suitability of oxbows 
calculated with the oxbow model and the nearest stream segment to the oxbow calculated 
with the stream model. Bars in the middle of the boxes represent median values, hinges 
represent the 25th and 75th percentiles, whiskers extend to the highest and lowest values, but 
no further than 1.5 * the interquartile range, and outliers are represented by individual points.  
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CHAPTER 4.    A LANDSCAPE-SCALE WATERSHED HEALTH ASSESSMENT 
FRAMEWORK FOR IOWA 
Modified from a manuscript for submission to the journal Ecological Indicators 
Courtney L. Zambory 1, Clay L. Pierce 2, Kevin J. Roe1, Michael J. Weber1,  
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Anthropocentric landscape alteration has resulted in the need for consequently the 
development of holistic, multimetric watershed evaluations to accurately capture watershed 
condition. Now applied in many state’s watershed health assessments, this multimetric 
evaluation compares the relative health of watersheds within geopolitical boundaries. This 
study aimed to develop a watershed health assessment for Iowa using available GIS data. The 
Minnesota Department of Natural Resource’s Watershed Health Assessment Framework 
(WHAF) was selected as a model for this analysis because it was a statewide watershed 
analysis conducted in a similar ecological region as Iowa. To understand how approaching 
watershed health assessments at different scales effect health scores, I then compared the 
Iowa watershed health assessment scores calculated at the HUC 8 level to the average scores 
generated by the Human Threat Index (HTI) of all stream segments within the same HUC 8. 
The hydrology and connectivity components of the WHAF were the most influential in the 
overall watershed health score. When compared to the HTI scores, I found that while there 
was some agreement between analyses, there are challenges when trying to compare different 
approaches to measure relative watershed health. These results emphasizes the need for 
careful consideration when planning the scale at which statewide analyses should be 
conducted as well as the caution needed when attempting to apply regional analyses to 
statewide assessments.  
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Introduction 
 Anthropogenic alterations to the landscape have profound impacts on native 
ecological functions. These alterations can pose particular risks to river and stream systems 
as these ecosystems are not only influenced by in-situ alterations, but also by perturbations 
within the surrounding watershed (Allan, 2004; Hynes, 1975; Poff, 1977). Anthropogenic 
activities that have the potential to degrade freshwater quality are often referred to as 
stressors or risks to the overall health of freshwater systems, and include activities that 
reduce habitat availability/quality, biodiversity, and connectivity (U.S EPA). The biological 
effects of these stressors can be observed by the dramatically increasing numbers of 
freshwater species listed as either threatened, endangered, or extinct (Jelks et al., 2008; 
Ricciardi & Rasmussen, 1999; Taylor et al., 2007; Williams et al., 1993). In addition to the 
loss of native biodiversity, the effects of freshwater ecosystem stressors can also be observed 
in the decrease in both the availability and quality of aquatic resources for human 
consumption (Bunch et al., 2014; Vörösmarty et al., 2010).  
 Efforts to restore stream and river habitat has been costly. One study examining the 
cost incurred for aquatic habitat restoration in the United States alone estimated that at least 
$14-15 billion was spent between 1990 and 2005 (Bernhardt et al., 2005). The first steps to 
identify areas in need of restoration resource allocation are often 1) identify stressors 
affecting systems and 2) quantify their relative severity. A review of the literature and 
projects addressing aquatic health reveal numerous attempts and strategies to answer these 
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fundamental questions. Studies were conducted at varying spatial scales including global 
(Vörösmarty et al., 2010), regional (Annis et al., 2010; Esselman et al., 2011; Wang et al., 
2011), statewide (Sowa et al., 2007), and basin level (Ahn & Kim, 2017a; Diamond & 
Serveiss, 2001; Paukert et al., 2011). Many of these assessment apply a multimetric approach 
to assess aquatic health in attempts to provide information on the numerous factors driving 
overall condition. 
 In the United States, the Environmental Protection Agency (U.S EPA) recommends 
this inclusive, holistic, approach to evaluate watersheds, and suggests states utilize a six-
component assessment of landscape condition, habitat, hydrology, geomorphology, water 
quality, and biological integrity (U.S EPA, 2012).  This philosophy was adopted in EPA’s 
recent development of the national-level Index of Watershed Integrity (IWI; Thornbrugh et 
al., 2018). Several individual states have adopted this methodology using available geospatial 
data to assess the health of watersheds within their administrative boundaries. These 
assessments include: Minnesota’s Watershed Health Assessment Framework (WHAF), 
Virginia’s Watershed Integrity Model, Virginia’s Interactive Stream Assessment Resource 
(INSTAR), California Watershed Assessment Manual, Connecticut’s Least Disturbed 
Watersheds Identification, Kansas’s Least Disturbed Streams Identification, Oregon’s 
Watershed Assessment Manual, and Pennsylvania’s Aquatic Community Classification 
(ACC) and Watershed Conservation Prioritization (US EPA 2012). The number, type, and 
severity of stressors used to evaluate watershed health vary considerably among these state’s 
assessments. However, there were similarities in the overall components of ecological 
integrity these stressors were intended to represent as many of them strived to capture some 
or all the six recommended components.  
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 One historical approach to quantifying anthropogenic stressors influencing aquatic 
health in the United States was the Human Threat Index (HTI) developed for EPA Region 7 
(Iowa, Missouri, Kansas, and Nebraska; Annis et al., 2010). The HTI synthesized the highest 
resolution and most recent geospatial data available during development that represented 
potential anthropogenic stressors, or human threats, across the region. Threats were 
quantified for stream segment catchments as defined by the National Hydrology Dataset 
(Annis et al., 2010). The level of threat faced by each stream segment catchment was a factor 
of both the number of the stressors within the catchment and the stressors present in the 
catchment’s upstream drainage area. Levels of threat were rescaled for all catchments within 
the study to be between 0-100 with catchments receiving a score of 100 defined as the most 
severely threatened (Annis et al., 2010). The result of the HTI was a comprehensive, fine 
scale assessment of relative ecological health within the region. However, this assessment 
was conducted on a regional scale and therefore calibrated health based on several states’ 
conditions.     
 The state of Minnesota was not included in the HTI assessment. However, the 
Minnesota Department of Natural Resources (MNDNR) has developed its own 
comprehensive statewide methodology to quantify relative watershed health (MNDNR, 
2018). The Minnesota Watershed Health Assessment Framework (WHAF) organizes 
available geospatial data into five overarching ecological integrity components. These five 
components represent the watersheds’ hydrology, geomorphology, connectivity, biology, and 
water quality. Each component’s score is an average of multiple metrics calculated with data 
representing aspects of the component. At the time of this study, WHAF indices were 
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conducted at multiple watershed scales from major basins to stream catchments, and the scale 
at which each metric was calculated was dependent on the applicability of the metric’s data.    
 To develop a watershed health assessment for the state of Iowa and to compare the 
different approaches used in the development of the HTI and Minnesota’s WHAF, I chose to 
replicate the WHAF methodology in a state that was included in the HTI assessment. Iowa 
was selected as the study site for this comparison, and hereafter I refer to Minnesota’s 
WHAF as MWHAF and Iowa’s WHAF as IWHAF. Iowa is one of the most highly modified 
landscapes in the United States (USDA 2018a) due to loss of native vegetation (Klopatek et 
al., 1979) and low watershed integrity (Thornbrugh et al., 2018). Once covered by native 
wetland and prairie ecosystems, today Iowa is predominantly covered in corn and soybean 
row crop agriculture (Bishop, 1981; Bogue, 1994; Gallant et al. 2011; USDA 2018a). Iowa’s 
aquatic health is often discussed in comparison to other states, but this study aims to identify 
how aquatic health varies within its own geopolitical boundaries. I compared the results of 
the watershed health scores to that of the HTI and use the correlation between the two 
assessments to investigate whether the metrics defined by IWHAF and the coarser scale at 
which the IWHAF was conducted are sufficient to capture the severity and variability of the 
HTI assessment. 
Materials and Methods 
Assessing Watershed Health 
 The development of the IWHAF closely followed the methods used to create the 
MWHAF. These methods are publicly available on the MNDNR website (MNDNR 2018). 
Analysis was conducted in ESRI’s ArcGIS 10.4.1 environment (ESRI, 2016). We followed 
the WHAF methodology in which our own overall IWHAF score was an unweighted average 
of each component scores which in turn were unweighted averages of their index and sub-
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index scores (Figure 1). Each component score was the unweighted average of several 
indices representative of the overall component (Table 1). Index, component, and overall 
IWHAF scores were all on a scale of 0 to 100, with zero representing the lowest possible 
watershed health and 100 representing the greatest possible watershed health. Detailed 
explanations of the calculation of each component score are described below. IWHAF and 
component scores are all relative to other watersheds in Iowa and are not intended to be 
interpreted as “healthy” or “unhealthy” watersheds, but rather “healthier” and “less healthy” 
watersheds within the study area.   
Geomorphology 
 The geomorphology score is an average of three geomorphology indexes: soil erosion 
susceptibility, pollution sensitivity of near-surface materials, and climate vulnerability.  
Soil Erosion Susceptibility Index 
 Soil Erosion Susceptibility Index was calculated in accordance with the MWHAF 
methodology. The soil erodibility factor (K-factor) was derived from the soil survey 
geographic database (SSURGO) coverage of Iowa. The shapefile coverage was converted to 
a raster dataset of a 3m resolution. A percent rise slope dataset was then created from a 
statewide coverage of a 3m digital elevation model (DEM). The slope dataset was 
reclassified so slopes 0-1% = 1, slopes 1-2% = 2, slopes 2-3% = 3, and slope values above 
3% = 4. The reclassified slope raster values were multiplied by the k-factor dataset to create 
an erodible value for each 3m cell. The average erodible value for each watershed area was 
then calculated using ArcGIS 10.4 “Zonal Statistics,” and a score was attributed to the 
watershed by linearly scoring final erodibility values from 0-100.  The only deviation from 
the MWHAF methodology was the use of a 3m DEM in this analysis instead of the 10m 
DEM used for Minnesota.  
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Climate Water Balance Index 
 Climate Water Balance Index deviated from the MWHAF’s methodology but aimed 
to capture similar trends. The MWHAF calculated water balance by examining the difference 
between precipitation and evapotranspiration. Data for the MWHAF were collected from 
dedicated research in Minnesota. Because no comparable data were available for Iowa, I 
created a statewide estimation of the fraction of precipitation lost to evapotranspiration 
between 1981 and 2000 for Iowa following a published linear model (see Appendices B & C; 
Sanford & Selnick, 2012). Because the linear model used a national land cover dataset 
(NLCD) that had a marsh land cover that was absent in the 2011 NLCD, I substituted 
wetland classes for marsh classes in the equation. Scores were generated by linearly scoring 
the fraction of precipitation lost to evaporation within each watershed from 0-100. 
Watersheds found to have a greater fraction of precipitation lost through evaporation were 
attributed to a lower score. This method deviates from the MWHAF methodology that scored 
vulnerability to climate variation by ranking watersheds on how much evaporation values 
deviated (both above and below) from balanced precipitation values.  
Groundwater Quality Index 
 Groundwater Quality Index also deviated from the MWHAF methodology. While the 
MWHAF calculates groundwater quality scores by linearly scoring average sensitivity 
ranking attributed to the sensitivity classes of the Minnesota Pollution Sensitivity of Near-
Surface Materials model, this analysis derived groundwater vulnerability by averaging source 
water well vulnerability scores within each catchment. Groundwater susceptibility of wells 
was ranked by the Iowa Department of Natural Resources (IDNR) by the thickness of the 
confining aquifer. Wells that had a confining layer thickness <7.6m = susceptibility ranking 
of 4, confining layer thickness 7.60-15.0m = 3, a confining layer thickness from 15.2m-
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30.5m = 2, and finally a confining layer thickness > 30.50m was considered to have low 
susceptibility and given a score of 1. The vulnerability values of the wells within the 
watershed were averaged. Scores were attributed to watersheds by linearly scoring these 
averages from 0 to 100 with the greater susceptibility scores correlating with lower 
groundwater quality scores for the watersheds.  
Connectivity 
 The connectivity component calculated for this assessment is comprised of two 
indices: aquatic connectivity and riparian connectivity. The MWHAF also includes a 
terrestrial connectivity index, but it was excluded from this study’s analysis as it was focused 
on aquatic condition. 
Aquatic Connectivity Index 
 All intersections of a LiDAR-derived statewide coverage of stream centerline data 
and the 2006 roads data were used to develop a dataset of stream/road crossings. Locations of 
stream and road crossings were then merged with the Iowa dams inventory layer that 
included permitted dams with a height greater than 1.5m. The density of road/stream 
crossings and dams was then calculated per meter of stream within the watershed and then 
linearly scored from 0-100. Densities above the 95% percentile were attributed a score of 0 
while densities of 0 were given a score of 100. 
Riparian Connectivity Index 
 The 2011 NLCD was reclassified into perennial and non-perennial land cover types. 
Perennial land cover types included forest, shrub, grassland, pasture, and wetland land cover 
classes. A 200m buffer was generated around all stream centerlines to represent the riparian 
zone. The percent of perennial land cover within the total riparian area of the watershed was 
calculated. Riparian connectivity scores were then linearly scored so a value of 100 
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represented areas in which the entire riparian zone (100%) was covered in perennial 
vegetation and a value of 0 represented riparian zones with no perennial vegetation coverage 
(0%). The MWHAF includes the 100 and 500-year Federal Emergency Management Agency 
(FEMA) floodplains, but those areas were excluded in this analysis.  
Hydrology 
 The hydrology component is comprised of four indices describing potential 
disturbances to the state’s native hydrology: perennial cover, impervious surface cover, flow 
variability, and loss of hydrologic storage. Two sub-indices were averaged to create the loss 
of hydrologic storage index: altered watercourses and loss of wetland storage. The MWHAF 
included an additional index of water withdrawal, but it was excluded from this analysis. 
Perennial Cover Index 
 Percentage of area covered by perennial vegetation was calculated for each 
watershed. The perennial vegetation dataset was derived from the 2011 NLCD.  Perennial 
land cover was defined as forest, shrub, grassland, pasture, and wetland land cover classes. 
Areas of open water were removed from the total land cover dataset and not considered when 
calculating percentage per MWHAF methodology. Scores were then generated by linearly 
scaling percentage of perennial cover within the watershed from 0 to 100 with the greatest 
percentage of perennial cover representing a score of 100 and the lowest percentage of 
perennial cover within the watershed representing a score of 0. 
Impervious Surface Index 
 Percentage of area covered by impervious surfaces as defined by the NLCD 
impervious surface layer was calculated for each watershed. A score of 0 was attributed to all 
watersheds with impervious surface percentages greater than 4%. The IWHAF assigns the 
4% impervious surface threshold as a score of 0 as it cites literature that claims impervious 
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surface percentages below this threshold “are comparable to undisturbed streams” (Morse et 
al., 2003; Paul & Meyer, 2001).  All watersheds with values less than 4% were linearly 
scored from 0 to 100; scores were inversely proportional to the percentage of impervious 
surface coverage.  
Flow Variability Index 
 The calculation of the flow variability index for the IWHAF deviated from the 
calculation of the same index for MWHAF. The MWHAF calculated this index by 
generating 33 indicators of hydrologic alteration (IHA) using average daily discharge data 
from Minnesota U.S. Geological Survey (USGS) stream gage data from 1986 to 2007. IHA 
values were calculated using the Indicators of Hydrological Alteration software version 7. 
Each IHA variable was assigned to one of five groups. The MNDNR created a fixed-effect 
model to account for variations in the watershed and generate coefficients for each variable 
and gage. These coefficients indicated whether the variable was greater than, less than, or 
equal to the 50% confidence interval of the average. The coefficients of each group were 
summed and divided by the maximum score and converted to a percentage. The final 
watershed score was created by averaging the five group scores. The methodology used for 
this analysis’ calculation of flow variability score deviated from that of the MWHAF. For 
this analysis, the upstream drainage area of each HUC12 watershed was delineated using the 
USGS StreamStats online application (USGS, 2012), and for each delineation I generated 
StreamStat’s streamflow variability index as defined in WRIR 02-4068 computed from the 
regional grid (Koltun & Whitehead, 2002). I scored watersheds by linearly scoring the 
streamflow variability indexes from 0-100 with greater streamflow variability index values 
correlated to lower scores. 
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Loss of Hydrologic Storage Index 
 The loss of hydrologic storage index is an average of two sub-indices: altered water 
courses and wetland loss. The altered watercourses sub-index for the IWHAF was created by 
calculating the ratio of the length of altered watercourses to total length of water courses 
within the watersheds. Altered watercourse data used for the IWHAF was developed via 
photointerpretation. For this analysis I defined altered watercourses as stream segments with 
a sinuosity ≤ 1.2. This threshold was selected based on expert opinion within the IDNR and 
because this threshold meets the definition of segments as having very low sinuosity 
(Rosgen, 1994). Sinuosity of stream segments was obtained from the LiDAR derived 
statewide stream centerline data layer. The scores of altered watercourses were generated by 
linearly scaling the ratios of the length of altered water courses to total watercourse length 
from 0 to 100 with watersheds with lower ratios of altered streams to total stream length 
receiving higher scores.  The wetland loss sub-index was calculated by identifying the 
difference between the area of hydric soils from the SSURGO database (representing 
historical wetland extent) and the area covered by the national wetlands inventory 
(representing present-day wetland coverage). The MWHAF superimposed open water areas 
over the hydric soils layer and assumed all areas that are currently open water were also 
historical open water. This methodology of open water superimposition was not conducted 
for Iowa as many current open water areas are man-made impoundments. If present-day 
wetland cover was equal to or greater than historical estimates, the watershed was given a 
score of 100. Remaining percentage of remaining wetland coverage was linearly scored so 
that area units with no remaining wetlands coverage were attributed a score of 0. 
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Biology 
 The biology component health score of the MWHAF is an average of four biology 
indices: terrestrial habitat quality, stream species quality, animal species richness, and at-risk 
animal species richness. I chose to exclude the terrestrial habitat quality index because I 
chose to focus on indices that would directly affect aquatic health.  
Stream Species Quality Index 
The stream species quality index was an average of three sub-indices: fish IBI, 
benthic macroinvertebrate IBI, and mussel IBI. Index of biological integrity values were 
extracted from the IDNR River and Stream Biological Monitoring Fish and Benthic 
Macroinvertebrate Surveys database (BioNet) and the freshwater mussel IBI database 
(IDNR). Benthic macroinvertebrate and fish data included all data collected before 2016, but 
data for the mussel IBI was collected as recently as 2017. If a site was surveyed in multiple 
years, only the most recently surveyed IBI score was included in the analysis. IBI scores 
were averaged for the catchments. Because IBI scores already ranged from 0-100, no linear 
scoring was needed. If no surveys were conducted in the watershed, the watershed received 
no score.  
Species Richness Index 
 The stream species richness index was an average of two sub-indices: fish richness 
and benthic macroinvertebrate richness. Data used for this analysis were derived from the 
same sources as the stream species quality sub-indices for fish and benthic macroinvertebrate 
IBI scores. The species richness index is an average of richness of macroinvertebrates and 
fish species at BioNet sampled sites. The number of species per site were calculated and 
averaged across the watersheds. The MWHAF included the richness of mussels and birds 
within the watersheds, but these sub-indices were excluded for this analysis as data were 
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unable to be compiled in a timely manner. Watersheds were linearly scored from 0-100 with 
0 representing watersheds with the lowest species richness at surveyed sites. 
Species of Greatest Conservation Need (SGCN) Richness Index 
 The at-risk animal species richness index was calculated from only fish data derived 
from the BioNet database. At-risk mussel species richness was unavailable at the time of this 
study, and though there are several dragonflies, damselflies, and crayfish SCGN in Iowa, the 
BioNet database used for this study only had ≥ 10 records for three of these species. Because 
of lack of data for mussel SGCNs and the small sample size for macroinvertebrate SGCNs, 
these indices were excluded. For each site, used in the stream fish species quality index, the 
number of species of greatest conservation need were tallied. Species of greatest 
conservation need were defined by the 2015 Iowa Wildlife Action Plan (Iowa Department of 
Natural Resources, 2015). Watersheds were linearly scored from 0-100 with 0 representing 
watersheds with the lowest richness of SGCN. 
Water Quality 
 The water quality component was an average of three indices: localized pollution 
sources, non-point sources, and assessments. 
Localized Pollution Source Index 
 The localized pollution sources index is comprised of six sub-indices: feedlot, 
potential contaminants, superfund sites, wastewater treatment plants, open pit mines, and 
septic systems. An animal unit (AU) is standardized method of calculating the biomass of 
animals within each unit and is defined as equal to 453.59kg live weight which is 
approximately “1,000 head of beef cattle, 700 dairy cows, 2,500 swine weighing more than 
24.95kg, 125 thousand broiler chickens, or 82 thousand laying hens or pullets” (USDA 
2018b). To calculate the feedlot sub-index, the density of animal units within confined 
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animal feed lots (CAFO)s were calculated for each watershed. Following the protocol used in 
the MWHAF I attributed a density of ≥0.30 animal units per ha a score of 0. All watersheds 
with densities less than 0.30 AU/ha were then linearly scored so that greater animal unit 
densities correlated to lower scores.  
 The potential contaminant index was created by linearly scoring the density of 
potential contaminants within each watershed. Though the dataset I obtained attributed threat 
levels to the potential contaminants, we chose to follow the MWHAF methodology by 
treating all potential contaminants as having equal severity (Table 2). This dataset originally 
included wastewater treatment plants, wastewater outfalls, wastewater contributors, CAFOs, 
and open feedlots, but they were removed because these data were considered redundant as 
they were represented in in other indices, and we aimed to avoid replicating the threats they 
presented. Watersheds were linearly scored from 0-100 with values above the 95th percentile 
attributed a score of 0. Greater densities of potential contaminants within a watershed were 
given lower scores.   
 Superfund locations, both active and inactive, and both federal and state sites were 
obtained from the National Priorities List (NPL) and a non-national site dataset for the state 
of Iowa to generate the superfund site index. Scores for this sub-index ranged from 0-100 
with a score of 100 indicating no superfunds present in the catchment. This scoring deviates 
slightly from the MWHAF scoring that attributes a maximum score of 90 to any catchment 
with one superfund site within its catchment boundaries.  
 Because data were unavailable to match the methodology used by the MWHAF for 
the wastewater treatment plant index, I chose to use only one of the three effluent products 
mentioned in the MWHAF. The MWHAF summed discharges of carbonaceous biochemical 
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oxygen demand (CBOD), phosphorus, and nitrogen for all wastewater treatment plants in the 
watersheds and then linearly scored watersheds as inversely proportionally to the amount of 
effluents. Annual values of all these effluents were not available for each wastewater plant 
for Iowa, so I elected to only use the CBOD values. The greatest monthly effluent of CBOD 
value measured in 2016 was summed for all wastewater treatment plants in the watersheds, 
and then watersheds were linearly scored from 0-100 as inversely proportional to the amount 
of CBOD effluent within the watershed boundary.  
No open pit mines data layer was available for Iowa to generate the pit mines index. 
Instead, I chose to use a shapefile of coal mines in Iowa and selected only surface mines 
within this layer. The watersheds were scored as inversely proportional to the area disturbed 
by the surface coal mines. Because so few surface mines were present in Iowa, I chose to 
simply linearly score the watersheds from 0-100. 
The septic system index was calculated following the MWHAF methodology of 
estimating septic system density by using the using county wells as a proxy. For this analysis, 
I used the private wells tracking system (PWTS) dataset as a proxy for septic systems in 
Iowa. The density of wells within each watershed was inversely correlated to the watershed’s 
septic system score. Well density above the 95th percentile was attributed a score of 0 while 
the remaining watersheds were linearly scored from 0-100. 
Non-Point Source Index 
 The non-point source index calculated for the IWHAF deviates from the MWHAF 
methodology. While the MWHAF considers only the risk of upland phosphorus sub-index, I 
chose to also include nitrogen in this analysis because nitrogen is of critical interest in Iowa 
water quality evaluations.  The phosphorous risk from uplands was calculated for the 
MWHAF by multiplying a pre-published land use export coefficient by one plus the slope 
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and erodibility factor of each gird cell. In this analysis’s creation of the phosphorus and 
nitrogen sub-indices, values for phosphorous and nitrogen risk were calculated using 
watershed annual nitrate and phosphorous average yields (2000-2010) obtained from the 
IDNR. These values were calculated using USGS stream gage data, and coverage did not 
conform to the HUC 10 watershed boundaries. Therefore, nutrient yields were averaged to 
the watershed boundaries. Watershed scores were generated by linearly average stream loads 
per acre from 0-100. Watershed scores were inversely proportional to both nitrogen and 
phosphorus stream nutrient yield.  
Assessments Index 
The assessments index is an average of three sub-indices of scores for aquatic health 
assessment (A), aquatic recreation assessment (B), and aquatic human health consumption 
assessment (HH). Data from the 2016 impaired waters list was used to calculate the sub-
indices. Both stream and lake waterbodies were used to consider impaired waterbodies. Only 
sites evaluated for the 2016 were included for consideration. The ratio of impaired to 
assessed waterbodies was calculated for all watersheds. If no waterbodies were assessed 
within the watershed, no score was given. Waterbodies assessed for multiple uses were 
included multiple times to account for each impaired designation. Watersheds health scores 
were generated by linearly scoring the ratio of impaired waters to total assessed waterbodies 
in 2016. Scores were inversely related to number of impaired waters with a score of 100 
given to watersheds with no impaired waters.    
Of 389 HUC 10 watersheds, complete data were only available for 59 watersheds. 
Indices were averaged to generate the five component scores, and then the five component 
scores were averaged to generate a final watershed health score (Figure 2).  
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Comparison with the HTI 
 The HTI was developed for each stream segment defined as the stream length 
between the upstream and downstream confluence. The HTI includes three representations of 
threats: local human threat (LHTI), watershed human threat (WHTI), and finally the overall 
human threat index (HTI). I chose to compare the IWHAF to the overall HTI as it describes 
threats present in both spatial scales. HTI scores were averaged within HUC 10 boundaries to 
be comparable to this study’s spatial scale. The IWHAF scores were plotted against the 
averaged WHTI scores within comparable watersheds calculated for the HTI.   
Results 
 Watershed health assessment indices and sub-indices were calculated for 389 HUC 
10 watersheds that had area within Iowa’s borders (see: Appendices B & C). The results of 
indices within the geomorphology component displayed healthier watersheds within the 
north central region of Iowa around the Des Moines Lobe ecoregion (see: Appendices B & 
C). The soil erodibility index showed higher watershed scores within the Des Moines Lobe, 
which is a relatively flat landscape dominated by agricultural practices (see: Appendices B & 
C). Soil erosion potential scores decreased in the northeast and southwestern portions of the 
state, often correlating with increasing slope of the landscape. Climate water balance scores 
were greatest in the southeastern portion of the state and appeared to decrease in a horizontal 
pattern toward the northwestern watersheds (see: Appendices B & C). Lastly, the 
groundwater quality index displayed lower scores in the southwestern region of the state 
(see: Appendices B & C).  
 Trends in the scores within the connectivity indices showed expected patterns with 
lower scores in both riparian and aquatic connectivity generally within the Des Moines Lobe 
ecoregion (see: Appendices B & C). This region is heavily dominated by row crop 
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agricultural practices that drastically reduce perennial riparian vegetation cover. 
Additionally, lower scores in aquatic connectivity were present around populous areas where 
road/stream density was high. The greatest scores of both indices were present in 
northeastern Iowa that is more forested and less impacted by the intense agricultural practices 
impacting the rest of Iowa.  
 Index scores within the hydrology component were variable, though higher scores 
were often observed in the northeastern region of the state (see: Appendices B & C). 
Perennial cover scores were lowest for watersheds within the central portion of the state 
dominated by row crop agricultural practices and highest in the northeastern and southern 
areas where row crop agriculture is not as intensive. Impervious surface scores were lowest 
in watersheds that contain urban areas, and high in other watersheds across the remainder of 
the state without intense urban development. Flow variability scores were greatest in the 
southern and central portions of the state and generally higher in watersheds along the 
northeastern and western regions. The altered watercourse index showed low scores and high 
levels of channelized and altered streams in the southwestern corner of the state and highest 
scores in the south-central region. Though much of the state has been channelized, this index 
reflects the most heavily channelized areas relative to the rest of the state. Lastly, the loss of 
wetland storage score was generally poor for the entire state except for a few areas along the 
eastern border near the Mississippi River. Loss of wetland storage was dramatic across much 
of the state is it has been heavily drained to support corn and soybean production.   
 Biological index scores followed similar patterns to other components observed in the 
above indices (see: Appendices B & C). Higher scores for fish and macroinvertebrate quality 
sub-indices were generally observed in the northeastern portion of Iowa. Mussel quality 
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deviated from this pattern as higher scores were observed instead in north central watersheds 
while the some of the lowest scores were in northeastern Iowa. Species richness for both fish 
and benthic macroinvertebrates were generally higher in watersheds in the northeastern 
regions of the state and lowest in southwestern watersheds. SGCN richness scores were low 
in most of the state, with one eastern watershed receiving the highest score for exceptionally 
high richness of fish SGCNs. 
 High variability was observed in each watershed’s water quality index scores (see: 
Appendices B & C). The lowest feedlot scores were observed in northwestern watersheds but 
were generally high in southern and eastern watersheds. Watersheds with the lowest scores 
for the potential contaminants, superfund sites, and wastewater treatment plant sub-indices 
were generally near urban areas while high scores were observed in much of the less 
urbanized watersheds for these sub-indices. Surface coal mines were only observed to be 
present in a small portion of southern Iowa; therefore, all watersheds outside of this region 
received high scores for the open pit mine sub-index. Nitrogen load sub-index scores were 
lowest in central and northeastern regions of state while phosphorus load scores were lowest 
in northeastern watersheds. Recreation and human health impairment sub-index scores were 
variable across the state, but aquatic health impairment scores were generally extremely low 
for all watersheds. 
 Correlations between individual component scores and the overall watershed health 
scores were generated to examine how influential the component scores were to the overall 
health score (Figure 3). The hydrology and connectivity component scores had the greatest 
correlations with the corresponding watershed’s Iowa health score (r2 = 0.57 and r2 = 0.58 
respectively). The biology and geomorphology components also had positive, though weaker 
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correlations with the Iowa watershed health score with r2 values of 0.28 and 0.12 
respectively. Conversely, the water quality component was not correlated with the overall 
watershed score. 
 I chose to limit the comparison of the IWHAF scores to the HTI watershed scores to 
only include the 59 watersheds that had complete data. The HTI watershed score used for 
comparison was the overall HTI score which was calculated as a combination of local and 
watershed (upstream drainage area) threats. To develop correlation scores, I rescaled the HTI 
from 100 representing the most threatened streams to 100 representing the least threatened 
streams to be more comparable to the IWHAF. The IWHAF developed here was positively 
correlated with the HTI Score (r2 = 0.20, p< 0.001), but substantial variation existed (Figure 
4).  
 The residuals between the IWHAF and the HTI were modeled against the individual 
variables used to generate the HTI to investigate whether the effect of any HTI variables 
were not captured in the development of the Iowa watershed health assessment and thus 
explaining the low correlation between the two evaluations (Table 3). Several variables were 
significantly correlated with the residuals of the IWHAF and HTI. However, correlations 
between variables were low (r2 <0.26).   
Discussion 
 Multimetric analysis of watershed health has become an increasingly popular method 
for states to identify the threats to their watersheds’ environmental integrity. These watershed 
health assessments can provide valuable information to determine areas that are most in need 
of resource allocation for restoration efforts (Ahn & Kim, 2017b). Here, I developed a 
watershed health assessment for Iowa based on a methodology used by the MNDNR to 
assess relative watershed health of HUC 10 watersheds within the state and compare the 
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resulting health scores to a previous, fine scale analysis conducted over a larger area that 
identified relative human threats to streams segments. 
 From this analysis, I observed that the influence of alterations to the hydrological 
regime and ecosystem connectivity of watersheds were most highly correlated with the 
IWHAF overall score. These results were expected as Iowa is one of the most highly 
modified states in the U.S as much of its native hydrology and vegetation cover has been 
either altered or lost since the arrival of European settlers (Bishop, 1981, Bogue, 1994; 
Gallant et al., 2011). 
Hydrological health of a watershed can dramatically affect every other health index in 
this analysis. The loss of perennial vegetation land cover across the region is most severe in 
central Iowa, particularly the Des Moines Lobe region where the landscape is dominated by 
soybean and corn row crop agriculture. The loss of perennial vegetation within the watershed 
threatens health as it can lead to increased stream discharge and greater nutrient, pollution, 
and sediment delivery to the streams (Asbjornsen et al., 2013; Dalzell & Mulla, 2018; 
Schilling et al. 2010). Though impervious surface coverage can dramatically impact 
hydrological regimes by increasing surface runoff and delivery of pollutants to the stream 
(Paul & Meyer, 2001; Randhir & Hawes, 2009), severely impacted watersheds from 
impervious surface within Iowa were limited and concentrated only along large urban areas, 
as much of Iowa is rural.  
Flow variability was not modeled in accordance to the MWHAF methodology, but 
rather scaled as relative flow variability index as generated by the USGS STREAMSTATS 
tool. This analysis appeared to give a much larger range of scores than the MWHAF 
methodology but revealed that greater flow variability was present in the central portion of 
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the state. This index as calculated by this analysis may be misleading because it implies high 
flow variability negatively impacts watershed health, but some species may be adapted to 
dynamic flow conditions. The MWHAF methodology utilized a more in-depth approach than 
identifying flow variability due to alterations to the stream. This focus on altered streams 
because of anthropogenic influence is likely a better measure of risk (Dudgeon et al., 2006). 
Lastly, the loss of hydrologic storage sub-index incorporated both the severity of 
channelization of streams and the extent of wetland loss. Much of Iowa was drained to 
support agricultural practices and estimates of wetland loss in the Des Moines Lobe alone 
range from 95-99% (Bishop, 1981; Bishop, 1998; Bishop & van der Valk, 1982). Though the 
sub-index shows relative wetland loss to be most severe in areas experiencing intense 
agricultural pressure, this analysis did find that some areas experienced increase in wetland 
coverage. This finding is consistent with a previous analysis of the changes between 
historical and present-day wetland coverage as some wetlands have been created by the 
construction of impoundments and restoration efforts (Miller et al., 2012). However, this 
increase in wetland coverage should be qualified with the fact that many of these new 
wetlands are estimated to have less water storage than historical wetlands (Miller et al., 
2012). Loss of wetland cover in Iowa can lead to a loss of biodiversity and a decrease in 
nutrient sequestration (Craft et al., 2018; Thiere et al., 2009).  The loss of hydrologic storage 
sub-index also includes a measure of altered watercourses. The lowest scores occurred in 
southwestern watersheds, however many of Iowa streams have been altered to support large 
scale agricultural practices. Risks associated with stream alterations include the loss of 
instream habitat, increased sediment loads, and increases in flow (Simpson et al., 1982). 
Though higher scores occurred in the central and southern region, it should be reemphasized 
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that this analysis calculated relative condition of the watershed rather than good or poor 
condition.  
Maintaining connectivity of a watershed is critical to facilitate the movement of 
organisms, nutrients, and pollutants through the system. Aquatic organisms such as fishes are 
especially sensitive to the reduction in watershed connectivity as it results in reduction or 
elimination of suitable habitat (Branco et al., 2012; Junk, 1989). This analysis emphasizes the 
drastic reduction of Iowa’s riparian and aquatic connectivity within the Des Moines Lobe 
ecoregion. The degradation of the watersheds as measured by this component are due in part 
to the reduction in riparian perennial vegetation, most likely due to agricultural conversion, 
and the presence of numerous stream/road crossings and dams.  
The geomorphology and biology component scores had significant, but weaker 
correlations to the overall Iowa watershed health score. The geomorphology indices were 
observed to exhibit much larger scale patterns of relative health that may have been unable to 
properly capture HUC 10 variability. Unlike many of the other components’ indices, the 
geomorphological indices often scored watersheds within the central region and Des Moines 
Lobe ecoregion as healthier, and this disparity may have also contributed to the weaker 
correlation values. It is possible that some factors that influence Iowa stream species 
biological condition were not captured in the methodology or data availability. It should be 
noted that the calculation of the indices for biological integrity (IBI)s for both benthic 
macroinvertebrates and fish in Iowa consider species richness and presence of sensitive 
species and therefore some biological component sub-indices could be redundant (Wilton 
2004). Additionally, I selected only the most recent data from the sites surveyed for IBI 
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calculation, so the temporal range of the data is wide and may not represent current 
conditions across the entire state. 
The water quality component was not significantly correlated with the overall health 
score. The absence of this correlation may be attributed to the lack of strong regional 
influences observed in the hydrology and connectivity scores. Because Iowa is almost 
entirely dominated by row crop agriculture, the risk of agricultural practices may overshadow 
localized and non-point pollution concerns.   
The correlation between the IWHAF scores and the HTI was significant, but weak. 
Multiple variables used in the HTI may lack sufficient representation in the IWHAF, but 
none of these variables were strongly correlated with the residuals of IWHAF and HTI 
comparison. From this analysis I concluded that no specific variables used in the HTI were 
excluded from the generation of the IWHAF, so the weak correlation to the models must be 
due to another factor. I postulate that the difference in scale at which the analyses were 
conducted could be a driving factor in the weak correlation. To make the HTI comparable to 
the Iowa watershed health analysis I averaged all HTI stream segment scores within a HUC 
10 to create a HTI score for that watershed. This methodology did not consider the size of 
each stream segment and therefore weighted all scores equally. Therefore the HTI HUC 10 
scores may be skewed and not indicative of the true overall health.  
 I developed a broad scale, multimetric watershed health assessment analysis for the 
state of Iowa to compare relative health of HUC 10 watersheds based on five components of 
hydrology, connectivity, geomorphology, biology, and water quality based on the WHAF 
methodology. When I compared the IWHAF to the HTI I found that the two assessments 
were only weakly correlated. The lack of a strong relationship between these metrics 
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emphasizes the need for caution when using watershed health assessments conducted at 
larger scales, as larger watershed scores cannot be assumed to be representative of stream 
segment condition. No corrections for severity of risks were incorporated in this analysis 
which may present difficulties in the interpretations for managers. Additionally, this analysis 
aimed to follow the MWHAF methodology as closely as possible, but some models and data 
used to generate the IWHAF were unavailable for application in Iowa, so direct comparison 
between the two states’ WHAF methodologies was not feasible. This study aimed to 
highlight the caution needed when utilizing methodologies designed for other areas and 
present a nascent approach at developing a watershed health assessment for Iowa.   
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Tables 
Table 1. Data Sources used in the development of the Iowa Watershed Health Assessment (IWHAF). Bold text represents the 
component score to which each index/sub-index belongs. Sub-index scores are italicized to indicate they were averaged to create the 
component score to their left. Geospatial data sources are listed as well as the year in which the data were created. 
Index Sub-index Data Used 
Geomorphology  
Soil Erosion Susceptibility  USGS Soils Survey (SSURGO), 3M DEM 
   
Climate Water Balance  
2011 National Land Cover Dataset (NLCD), PRISM Precipitation 30-year Normal; 
PRISM Temperature 30-year Normal, PRISM Maximum Temperature 30-year 
Normal; PRISM Minimum Temperature 30-Year Normal 
   
Groundwater Quality  Source Water Wells 2012 
  
Connectivity  
Riparian Connectivity  2011 National Land Cover Dataset (NLCD); 2016 Iowa Stream Centerline 
   
Aquatic Connectivity  Iowa Roads 2006; Permitted Dams 2004; 2016 Iowa Stream Centerline 
Hydrology  
Perennial Cover  2011 National Land Cover Dataset (NLCD); 2016 Iowa Stream Centerline 
   
Impervious Surface Cover  NLCD 2011 impervious edition; 2016 Iowa Stream Centerline 
   
Flow Variability  
USGS StreamStats streamflow variability index as defined in WRIR 02-4068 
computed from the regional grid 
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Table 1 continued   
Index Sub-index Data Used 
Biology  
Loss of Hydrologic Storage 
Altered Watercourses Iowa Stream Sinuosity 2016 
Loss of Wetland Storage USGS Soils Survey (SSURGO); National Wetlands Inventory Version 2 
  
Stream Species Quality 
Fish IBI 
Iowa River and Stream Biological Monitoring Fish and Benthic Macroinvertebrate 
Surveys BioNet 2016 
Benthic Macroinvertebrate 
IBI 
Iowa River and Stream Biological Monitoring Fish and Benthic Macroinvertebrate 
Surveys BioNet 2016 
Mussel IBI Iowa Mussel IBI (2009-2017) 
   
Species Richness 
Fishes 
Iowa River and Stream Biological Monitoring Fish and Benthic Macroinvertebrate 
Surveys BioNet 2016 
Benthic Macroinvertebrates 
Iowa River and Stream Biological Monitoring Fish and Benthic Macroinvertebrate 
Surveys BioNet 2016 
   
Species of Greatest 
Conservation Need (SGCN) 
Richness 
Fishes 
Iowa River and Stream Biological Monitoring Fish and Benthic Macroinvertebrate 
Surveys BioNet 2016 
Water Quality  
Localized Pollution Sources 
Feedlot Animal Feeding Operations in the State of Iowa 2005 
Potential Contaminants Source Water Protection Contaminant Sources 2010 
Superfund Sites 
EPA National Priority Sites (https://www.epa.gov/superfund/search-superfund-sites-
where-you-live); Non-national priority list sites (1995) 
Wastewater Treatment Plants Wastewater Treatment Plants 2016 
Open Pit mines Coal Mines 2010 
Septic Systems Private Well Tracking System Wells 2014 
   
Non-Point Sources 
Phosphorus Load Stream Phosphorus Out Loads lbs/Acre (2000-2010) Iowa DNR 
Nitrogen Load Stream Nitrogen Loads Out Loads lbs/Acre (2000-2010) Iowa DNR 
   
Assessments 
Recreation Impairments Iowa 2016 Impaired Waters Assessment Class B 
Aquatic Health Impairments Iowa 2016 Impaired Waters Assessment Class A 
Human Health Impairments Iowa 2016 Impaired Waters Assessment Class HH 
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Table 2. Data selected to be included in the calculation of the potential contaminant sub-index from the “Iowa Potential Contaminant 
Sources” data layer used for the source water protection evaluation 
Above ground fuel storage Contaminated Sites Risk management plan 
Air permit-group1 grain elevators Ethanol, biodiesel plans Small quan. Hazardous waste generator 
Air permit – minor Hazardous materials spill Solid waste facility 
Air permit – PBR spray booth Hospitals Tier II chemical storage 
Air permit – Title V Land application sites Toxic release inventory 
Air permit – Title V1 / minor Large quan. Hazardous waste generator Underground storage tank 
Airports, landing field Lead-zinc mines Unsewered communities 
Cemeteries Leaking USTS Unspecified hazardous waste generator 
Small quantify haz waste generators Other hazardous waste  
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Table 3. HTI variable correlations with residuals from the regression analysis of IWHAF Score on HTI 
 
Local Watershed  
r2 p-value r2 p-value 
Major impoundment density  0.14310 0.00314 0.26390 0.00003 
Headwater impoundment density  0.23870 0.00009 0.24840 0.00006 
Dams density  0.14740 0.00268 0.20050 0.00038 
Certified well density  0.18980 0.00056 0.14400 0.00303 
Pasture percent  0.08148 0.02842 0.14130 0.00335 
Riparian pasture percent  0.03665 0.14640 0.08142 0.02848 
Population of 2000 census density  0.15500 0.00203 0.08048 0.02945 
Kilograms of crop pesticide  0.01028 0.44490 0.07563 0.03502 
Pipeline length density  0.04185 0.12010 0.06279 0.05560 
Channelized or ditched stream density 0.00370 0.64730 0.06016 0.06116 
Cropland percent 0.00165 0.76010 0.03934 0.13210 
Confined animal feeding operation density  0.08877 0.02191 0.03824 0.13780 
Coal mine density  0.01236 0.40190 0.03408 0.16160 
Riparian cropland percent  0.00218 0.72560 0.02451 0.23640 
Table 3 continued     
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 Local Watershed 
 r2 p-value r2 p-value 
Toxic release density  0.00417 0.62710 0.02336 0.24780 
Airport density  0.01657 0.33130 0.02149 0.26800 
NPDES site density  0.01099 0.42930 0.01928 0.29430 
Riparian impervious surface percent  0.00125 0.79020 0.01791 0.31230 
Leaking underground storage tank density 0.00240 0.71240 0.01354 0.38010 
Superfund density 0.00351 0.65580 0.01147 0.41950 
Rail length density  0.01853 0.00131 0.00799 0.50090 
Road length density  0.02248 0.25700 0.00596 0.56110 
Landfill density  0.00432 0.62100 0.00549 0.57710 
Road stream crossings density  0.00615 0.55480 0.00471 0.60540 
Other mines density 0.00088 0.82340 0.00252 0.70570 
Railroad stream crossings density 0.01610 0.33820 0.00220 0.72420 
RCRIS site density 0.00275 0.69320 0.00113 0.80020 
Livestock sales density  0.06710 0.04759 0.00103 0.80910 
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Local Watershed 
 r2 p-value r2 p-value 
Lead mine density - - 0.00097 0.81480 
Waste water treatment  0.00115 0.79840 0.00085 0.82690 
Impervious surface percent  0.00001 0.97680 0.00016 0.92450 
Distance to downstream major reservoir  0.01923 0.29490 - - 
Stream fragmentation group size 0.00524 0.58590 - - 
Military site density - - - - 
Oil and gas well density - - - - 
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Figures 
 
 
Figure 1. An adaptation of a figure developed by the MNDNR to illustrate the relationship of indices that contributed to the overall 
IWHAF scores (https://www.dnr.state.mn.us/whaf/index.html). 
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Figure 2. Watershed component Scores for HUC 10 watersheds containing data for all 
indices and sub-indices. Ranges of HUC 10 scores are color coded as shown. 
 
Legend
0-20
21-40
41-60
61-80
81-100
122 
 
 
  
  
 
Figure 3. Plots of the IWHAF scores versus individual component scores of the 59 HUC 10 
watersheds within Iowa that had complete data used to generate the IWHAF 
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Figure 4. IWHAF Scores vs. HTI scores averaged for each of 59 HUC 10 watersheds in 
Iowa that had complete data used to generate the IWHAF. 
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CHAPTER 5.    GENERAL CONCLUSIONS 
Summary 
In the first chapter of this thesis, I developed a methodology for identifying potential 
restoration sites by using morphometric and topographic characteristics of riparian 
depressions to extract those sites that were likely to be former stream meanders, oxbows, or 
oxbow scars. These landscape features are priority sites for restoration as they are considered 
more closely connected to the groundwater table and thus are more protected from 
desiccation after restoration. Using 2m Light Detection and Ranging (LiDAR) derived digital 
elevation models (DEMs) and the agricultural and conservation planning framework (ACPF) 
toolbox, I delineated highly accurate stream networks and characterize riparian depressions 
with high resolution elevation data including their mean height above channel. All watershed 
models were successful at differentiating between target (potential restoration sites) and non-
target riparian depressions in the landscape. A depression’s curvature and mean height above 
channel were the top characteristics that enabled discrimination between target and non-
target features. Despite the success measured by my model evaluation techniques, I recognize 
that models still generated a lot of noise and therefore developed a ranking system to aid in 
directing managers to higher quality sites. 
SDMs were generated for Topeka Shiners separately for both stream and oxbow 
habitats and by watershed of study. Though individual models varied in their ability to 
correctly identify Topeka Shiner distribution, the implementation of an ensemble model by 
weighting models’ predictions by their predictive yielded extremely accurate models 
depicting distribution in streams and potential oxbow sites as defined by the results of 
chapter 2. The results of this analysis may aid managers in future site selection as sites were 
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ranked by probably of presence based on landscape variables. Because oxbow projections 
were applied to potential restoration sites, the results of this study may allow mangers to 
narrow the scope of their search for areas suitable for Topeka Shiner restoration projects. 
Finally, a watershed health assessment was generated for Iowa based on the 
framework developed by the Minnesota Department of Natural Resources. Though this was 
the beginning of a process to rank Iowa watersheds by their relative health, I found that 
connectivity and hydrological health component scores were most highly correlated with 
over watershed health scores. Because Iowa is dominated by row crop agriculture, higher 
collections between the components that characterized the native condition of the state and 
overall watershed health were unsurprising as they may be the driving force behind overall 
scores. Areas that were unsuitable for farming practices often had higher health scores. The 
water quality component did not exhibit strong correlations to the overall watershed health 
scores, potentially due to the scattered nature of threats to water quality across the state, 
whereas agricultural effects were often seen concentrated in the Des Moines Lobe ecoregion 
and central Iowa. Though the IWHAF scores were correlated with the average of all stream 
segments’ HTI scores, the correlation between these two analyses was weak. No single 
variable was attributed to reducing this correlation, so the dissimilarity between the two 
assessments is most likely a factor of scale at which the analyses were conducted. Holistic 
approaches to evaluating watershed health are needed to help plan future aquatic habitat 
restoration efforts. 
This thesis intended to utilize geospatial technologies and data to guide and inform 
future aquatic conservation projects. We developed processes to help determine where 
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restorations can and should be constructed to effectively support Topeka Shiner populations 
and believe this information will be valuable in the selection of future restoration sites.
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APPENDIX A. RESPONSE CURVES 
 
  
Percent water within the HUC 10 Percent outwash parent material in the HUC 10 
  
Percent crossings / stream length (m) Percent other parent material in the HUC 10 
  
Sinuosity Mean annual temperature 1970-2000 (°C) 
  
A1. Response curves for the Boone River Watershed stream model variables with an average 
model variable importance > 5%. In each panel the range of the variable is depicted on the x-
axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple).  
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Percent till parent material in the HUC 12 
 
Percent wetland land cover within a 30m buffer 
 
Percent forest within the catchment 
 
A2. Response curves for the Boone River Watershed oxbow model variables with an average 
model variable importance > 5%. In each panel the range of the variable is depicted on the x-
axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple). 
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Percent other parent material in the HUC 10 Percent till parent material in the HUC 10 
  
Percent developed land cover within the HUC 12 Percent outwash parent material in the catchment 
 
 
 
 
 
 
 
 
 
 
Percent eoilan parent material in the catchment  
 
A3. Response curves for the North Raccoon River Watershed stream model variables with an 
average model variable importance > 5%. In each panel the range of the variable is depicted 
on the x-axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple).  
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Percent hay land cover in the catchment Percent developed land cover in the catchment 
  
Percent water land cover within the catchment Percent forest land cover within the catchment 
  
Percent wetland land cover within a 100m buffer Percent crop land within a 100m buffer 
 
A4. Response curves for the North Raccoon River Watershed oxbow model variables with an 
average model variable importance > 5%. In each panel the range of the variable is depicted 
on the x-axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple).  
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Percent wetland land cover the HUC 10 Slope 
  
Percent colluvium parent material in the HUC 10 Percent outwash parent material in the HUC 10 
 
 
Percent pasture land cover within the catchment  
 
A5. Response curves for the Des Moines Lobe ecoregion combined stream model variables 
with an average model variable importance > 5%. In each panel the range of the variable is 
depicted on the x-axis and the probability of Topeka Shiner presence is displayed on the y-
axis. Each individual line represents a single model’s prediction of Topeka Shiner probability 
of presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple).  
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Mean annual precipitation (mm) from 1970-2000 Percent crop land cover within a 100m buffer 
  
Percent wetland land cover within a 100m buffer Percent forest land cover within the catchment 
  
Percent colluvium parent material within the HUC 10 Percent hay land cover within the HUC 12 
 
A6. Response curves for the Des Moines Lobe ecoregion combined oxbow model variables 
with an average model variable importance > 5%. In each panel the range of the variable is 
depicted on the x-axis and the probability of Topeka Shiner presence is displayed on the y-
axis. Each individual line represents a single model’s prediction of Topeka Shiner probability 
of presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple). 
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Sinuosity Percent pasture within the catchment 
  
Percent wetland within the catchment Distance to the nearest crossing (m) 
 
A7. Response curves for the Rock River Watershed stream model variables with an average 
model variable importance > 5%. In each panel the range of the variable is depicted on the x-
axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple). 
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Percent crop land cover within a 100m buffer Mean annual precipitation (mm) from 1970-2000 
  
Percent wetland land cover within a 30m buffer Percent developed land cover in the catchment 
  
Percent hay land cover within a 30m buffer Percent hay land cover within the catchment 
A8. Response curves for the Rock River Watershed oxbow model variables with an average 
model variable importance > 5%. In each panel the range of the variable is depicted on the x-
axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple). 
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Percent water land cover within the HUC 10 Percent wetland land cover within the HUC 10 
  
Sinuosity Percent outwash parent material in the HUC 10 
  
Percent pasture land cover in the catchment Percent other parent material in the HUC 10 
 
A9. Response curves for the all combined watershed stream model variables with an average 
model variable importance > 5%. In each panel the range of the variable is depicted on the x-
axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple). 
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Percent water land cover within the HUC 10 
 
Percent forest land cover in the catchment 
 
Percent water land cover within the HCU 12 
 
A10. Response curves for the all combined watershed oxbow model variables with an 
average model variable importance > 5%. In each panel the range of the variable is depicted 
on the x-axis and the probability of Topeka Shiner presence is displayed on the y-axis. Each 
individual line represents a single model’s prediction of Topeka Shiner probability of 
presence as the variable plotted changes. The color of each line represents the model type: 
GLM (red), RF (blue), MARS (green), CTA (yellow), GBM (black), and MAXENT (purple). 
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APPENDIX B. IWHAF MAPS 
B. Ranges of index and sub-index scores for the Iowa Watershed Health Assessment Framework 
(IWHAF) for HUC10 watersheds in Iowa, USA. Ranges of HUC10 scores are color coded as 
shown. 
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APPENDIX C. INDIVIDUAL HUC 10 IWHAF SCORES 
C. Table of individual index and sub-index scores of all HUC 10 watersheds. Data unavailability 
is represented by absent values. A: Soil Erosion Susceptibility; B: Climate Water Balance, C: 
Groundwater Quality; D: Riparian Connectivity; E: Aquatic Connectivity; F: Perennial Cover; 
G: Impervious Surface Cover; H: Flow Variability; I: Altered Watercourses; J: Loss of Wetland 
Storage; K: Fish IBI; L: Benthic Macroinvertebrate IBI; M: Mussel IBI; N: Fish Species 
Richness; O: Benthic Macroinvertebrate Richness; P: Fish SGCN; Q; Feedlot; R: Potential 
Contaminants; S: Superfund Sites; T: Wastewater Treatment Plants; U: Open Pit Mines; V: 
Septic Systems; W: Phosphorus Load; X: Nitrogen Load; Y: Recreation Impairment; Z: Aquatic 
Health Impairments; AA: Human Health Impairments.  
Watershed A B C D E F G H I J K L M N O P Q R S T U V W X Y Z AA 
0702000901 69 60 63 18 10 2 94 30 10 35 40      22 85 100 100 100 84   100   
0702000902 67 60  5 19 0 96 26 17 35 27      0 97 100  100 76      
0702000903 69 65 100 6 34 0 89 33 10 26 59      65 90 91 100 100 76      
0702000904 71 66 67 6 47 1 92 34 20 22 49      79 83 73 100 100 76      
0702000905 63 75  3 86 3 99 39 45 27 91      0  100  100 56      
0702000906 64 62 100 32 30 8 96 22 61 38 58      6 97 100  100 87   100   
0704000808 14   54 100 77 79 98  5 67      0 85 100  100 23      
0706000104 3  67 54  99 28   100 63      100 0 100  100 0      
0706000105 59 88  73 81 83 78  28 100 56      100 72 100 95 100 62   50 0 50 
0706000106 1 94 85 59 67 97 92 97 55 85 43 85  8 100  89 91 100 100 100 46   100   
0706000107 37 88 33 76 79 78 91 100 46 100 69 74  8 70  100 80 100 100 100 47   100  100 
0706000108 0 91 38 53 64 85 79 94 63 100 60 68  34 59 33 82 80 100 100 100 37   100   
0706000109 5 87 60 41 71 53 86 88 57 59 65 64 0 35 59 17 72 91 98 66 100 37 100 100 0 0  
0706000110 19 82 30 64 74 69 79 93 45 100       90 81 88 82 100 0   33 0 100 
0706000201 55 89 38 34 47 31 90 81 73 9 64 72 58 86 48 59 22 94 91 100 100 37 60 40 33 0 100 
0706000202 26 91 47 39 51 56 79 87 62 30 73 74 23 26 70 15 76 87 97 49 100 36 60 40 25 0 50 
0706000203 14 93 53 43 58 74 83 91 53 51 46 76 0 42 67 31 81 95 100 100 100 30 60 40 75 0  
0706000204 15 89 34 39 47 59 63 86 64 55 58 52 21 43 50 29 80 73 84 100 100 26 60 40 6 0 33 
0706000205 6 93 58 56 59 92 85 95 55 72 69 70  14 74 14 83 94 100  100 33   29 0  
0706000206 8 91 33 61 73 95 96 92 51 100 63 66 22 23 74 22 85 99 100 34 100 62   9 0 0 
0706000306 1 94 73 39 69 78 68 90 59 50 64 62  42 74 22 92 68 88 100 100 54   33   
0706000307 26 87 27 61 81 69 83 91 58 100 77 72  23 70 19 85 79 96 100 100 20   67 0 60 
0706000401 55 86 67 21 25 17 88 78 71 8 70 58 49 57 43 35 18 91 100 100 100 41 0 40 0 0  
0706000402 48 87 57 27 27 30 88 79 70 12 56 73 49 47 85 43 6 93 100 100 100 41 0 40 20 0  
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Watershed A B C D E F G H I J K L M N O P Q R S T U V W X Y Z AA 
0706000403 49 88 74 25 51 29 78 82 67 12 41 66 34 57 66 18 54 86 95 52 100 39 0 40 22 0 0 
0706000404 5 86 75 20 49 25 82 88 50 8 56 55  36 37 19 63 83 95 100 100 48 0 40 11 0  
0706000405 54 95 67 27 32 25 82 75 74 13 65 66 38 52 84 36 73 91 100 100 100 42 0 40 40 0 0 
0706000406 10 93 71 49 73 76 95 79 72 38 57 70 0 33 67 19 87 94 93 94 100 50 0 40 58 0 0 
0706000407 11 91 56 38 70 62 81 81 65 56 63 75 20 43 61 25 72 85 95 100 100 43 0 40 46 0 0 
0706000408 2 93 29 44 64 71 93 82 70 26  76   60  74 89 100 96 100 33 0 40 80 0  
0706000409 4 86 47 56 80 71 95 84 69 60 35 69 29 42 70 23 86 92 100 100 100 44   33 0 0 
0706000501 4 90 72 42 52 72 0 91 60 42 40 77  41 68 21 98 0 20 100 100 4   33 0  
0706000502 18 91 46 54 71 82 0 89 43 100 63 59  59 45 35 98 0 0 100 100 60   17 0 100 
0706000504 9 91 67 51 75 89 85 86 46 89 40 69  19 62 21 96 83 100 100 100 12   100  100 
0706000511 8 80 100 17 17 24 87 58 49 5 52 53  30 37 15 62 75 100 100 100 47   100   
0706000512 48 85 74 59 75 64 90  66 100       86 74 100 100 100 35   100  100 
0706000601 43 89 59 18 21 18 85 79 59 5 2 55 0 50 34 15 23 84 100 85 100 11 60 20 0   
0706000602 54 94 50 24 29 19 78 75 63 12 48 68 25 69 56 38 38 73 90 100 100 0 60 20 42 9 0 
0706000603 1 89 36 24 46 50 91 69 59 15 17 56  53 39 24 93 90 100 100 100 56 60 20 100   
0706000604 30 89 53 34 60 39 86 72 64 12 57 53 20 60 54 17 71 82 100 100 100 41 60 20 14 0 0 
0706000605 16 92 33 21 53 40 78 83 65 13   2 45  9 82 84 93 0 100 76 60 40 0 0  
0706000606 27 89 62 20 48 22 71 84 51 8 55 46 0 36 33 13 51 74 76 100 100 48 60 40 33 0 0 
0706000607 3 95 100 29 67 59 89 85 70 31 66 55 13 49 38 21 89 89 93 100 100 53 60 40 100   
0706000608 3 93 83 40 74 74 95 81 79 100 43 59 0 53 36 26 92 86 100 91 100 53 60 40 50 0  
0706000609 5 84 75 18 42 40 87 73 51 10 72 56  30 41 12 68 89 95 100 100 57   100   
0706000610 7 87 55 39 63 62 77 75 69 37 61 56 11 74 36 38 91 82 86 100 100 40   40 0 0 
0708010102 25 73 86 17 17 25 0 66 60 100       81 0 0 100 100 0   0  0 
0708010103 51 68 100 8 0 7 0 55 33 6 67 29  0 10  83 0 47 100 100 0   17 0  
0708010104 53 73 66 26 12 16 0 59 38 100       90 0 0 100 100 0   38 0 0 
0708010106 29 83 79 45 51 57 0 46 62 84 57 71  32 34 6 98 3 0 100 100 11   33 0 0 
0708010107 79 80 14 46 76 49 6 55 45 66 54 68  8 38  98 0 78 100 100 0   50 0 0 
0708010201 59 91 89 20 22 20 68 75 68 12   45    70 74 100 100 100 34 100 20 100   
0708010202 66 88 76 20 43 23 88 76 78 14 54 50 50 61 61 40 0 88 95 0 100 45 100 20 67 0 0 
0708010203 67 90 81 18 24 19 84 74 72 14 20 40  54 47 31 53 83 100 93 100 36 100 20 83   
0708010204 85 85 75 9 26 8 70 66 45 1   61    52 88 100 37 100 54 100 20 100   
0708010205 74 87 75 10 16 10 73 71 72 6   28 68   43 86 100 91 100 38 100 20    
0708010206 79 86 71 17 44 24 80 72 60 27 37 68 45 82 36 41 75 94 95 100 100 40 100 20 80 0  
0708010207 63 89 69 11 0 15 46 70 74 11 55   41 46 9 72 68 0 100 100 5 80 20 50  100 
0708010208 63 86 58 12 31 15 63 68 66 18 34 47 35 66 43 59 53 70 92 100 100 0 80 20 80 50 100 
0708010209 53 91 60 13 38 15 83 70 69 12 20 62 36 64 48 29 53 83 98 89 100 51 80 20 86   
0708010210 42 91 24 39 50 48 85 69 80 48 19 36 34 68 30 24 87 85 100 88 100 36 80 20 25 0 50 
0708010301 42 85 39 6 17 11 87 61 45 3 34 54  35 46 6 79 30 100 100 100 49 80 40 50   
0708010302 32 88 61 26 39 39 76 66 64 46   36 68   58 82 66 100 100 26 80 33 25 0  
0708010303 49 79 87 7 23 7 74 58 29 8       35 78 93 97 100 50 80 40    
0708010304 41 81 69 12 29 20 89 64 41 27   6 100   77 88 99 75 100 49 80 40 0 0 0 
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0708010305 32 79 100 12 31 18 90 66 31 15 37 44  57 44 100 78 93 100  100 36   0   
0708010306 48 79 68 19 38 22 70 66 48 42 24 64 9 44 34 43 84 76 84 100 100 1   50 0 0 
0708010406 69 78 44 34 55 36 79 30 45 35       52 89 100 100 100 60   0   
0708010411 62 82 100 39 70 38 86 23 53 33 22 13  35 19 18 91 98 100 93 100 81   25   
0708010412 38 83 73 39 47 41 58 21 82 6 30 62  59 37 18 86 76 63 97 100 61   60 0 0 
0708010415 57 80 43 40 54 41 0 15 64 75 25 67  41 28 12 100 3 18 100 100 42   67  100 
0708010416 22 88 88 37 58 51 77 7 74 5 33 47  22 17 6 86 85 95 100 100 76   50 0 0 
0708010417 58 85 73 36 52 34 11 10 56 59       84 44 39 100 100 39   50  50 
0708010418 44 90 6 56 34 52 0  66 100       100 0 0 100 100 54   0  0 
0708010501 63 73 78 9 43 2 84 27 34 5 18 41  27 28  0 78 100 100 100 57 100 40 100   
0708010502 70 72 90 8 34 7 69 28 77 2 17 71  22 38  0 74 100 100 100 39 100 40 67   
0708010503 64 76 71 13 21 8 44 27 81 2 12 68  32 29 11 68 66 77 100 100 36 100 60 67 0  
0708010504 69 74 65 14 13 8 53 28 79 3 26 58 38 44 33 9 0 57 77 0 100 22 100 40 44 0 0 
0708010505 71 77 0 13 22 7 61 26 73 2   7    76 54 86 100 100 46 100 80    
0708010506 71 77 100 14 39 7 86 28 82 2 14 41 0 18 22  77 86 94 100 100 66 100 80 33 0 0 
0708010507 37 83 60 16 26 37 95 26 53 10 27 55  15 39 6 80 96 100 92 100 84 100 80 100   
0708010508 53 78 44 11 8 17 89 25 52 10 35 51 0 54 26 6 88 88 85 100 100 72 96 76 0 0  
0708010509 63 78 26 19 19 21 65 26 56 13 28 53 19 34 30 6 95 78 80 100 100 55 80 60 38 0 0 
0708010510 25 77 0 10 14 20 42 22 35 11       80 64 100 100 100 66 80 60    
0708010511 32 78 8 11 29 27 63 22 25 18   0    82 72 79 100 98 60 80 60    
0708010512 25 82 11 30 39 52 72 14 53 32 38 43 15 41 21 6 59 87 91 94 88 76   0 0 25 
0708010601 23 81 30 12 19 26 92 28 36 15 40 72 0 28 35 6 83 94 98 100 100 86 60 60 0 0 0 
0708010602 27 84 100 14 16 39 76 25 33 21 41 54 22 20 24 6 57 73 57 100 100 73 60 60 50 0  
0708010603 32 79 40 15 8 18 82 14 30 5    49   0 88 100 100 100 75 60 60 0 0  
0708010604 22 86 33 23 25 55 86 23 53 33 67 53  26 29 6 36 91 95 96 100 79 60 60 60 0 100 
0708010605 26 83 100 26 7 46 70 17 51 11 52   35 26 6 37 88 100 100 100 72   100   
0708010606 21 84 83 35 42 61 76 20 64 24 77 69 20 34 19  65 90 100 100 98 69   60 0  
0708010701 45 77 72 21 17 18 69 26 62 4 70 22  46 10 6 0 72 56 86 100 40      
0708010702 44 79 100 25 22 25 84 23 56 5 67 55 43 41 31 15 29 87 96 100 100 65   100   
0708010703 25 81 96 40 40 51 83 19 75 28  56 44    37 91 98 100 100 69   33 0 100 
0708010704 19 84  33 32 54 88 14 72 8 63   24 15  41 96 100 100 100 81      
0708010705 44 83  17 7 29 86 10 59 4       58 90 100 98 100 79 80 40 100   
0708010706 47 81 79 14 17 18 75 5 45 5       77 93 90 100 100 89 80 40    
0708010707 21 85 100 32 43 48 72 8 76 7 34 41 42 51 40 12 78 85 69 100 100 72 80 40 50 0  
0708010708 18 86 100 38 41 67 85 18 82 24   53    51 89 100 100 100 72   50 0 100 
0708010709 47 82 90 24 4 26 51 18 70 3 61 65 53 33 14 18 67 71 82 87 100 56   80   
0708010710 25 85 100 48 60 58 74 15 75 23 20 63 42 78 43 29 91 91 84 100 100 77   60 0 33 
0708020104 89 80 17 7 32 4 90 61 25 1 38 66 62 59 63 47 90 84 72 100 100 68 80 40 50 0  
0708020105 81 81 17 15 40 11 85 71 52 15 49 63 50 53 40 45 43 56 62 3 100 37 80 40 0 0 0 
0708020106 74 84 29 20 40 11 69 67 63 7 31 72 44 70 46 59 70 72 100 100 100 33 80 40 0 0 0 
0708020107 76 85 22 19 30 13 79 76 65 9   52    48 68 100 100 100 60 80 40  100  
0708020108 65 85 0 15 39 11 88 73 70 6 35 65 54 64 75 19 7 91 100 100 100 64 80 40 40   
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0708020109 57 88 67 33 28 43 86 72 72 16 47 76 46 62 48 53 50 93 100  100 18 80 40 50 0 0 
0708020110 69 83 56 30 36 26 44 68 70 11 53 60 42 73 45 47 85 58 20 0 100 0 80 40 33 0 0 
0708020111 66 85 79 17 4 19 72 65 60 2 58   30 44 6 74 80 89 79 100 0 80 40 100   
0708020112 63 84 18 23 14 28 49 68 75 25 52 62 37 64 72 18 67 72 80 100 100 0 80 40 67 0  
0708020201 62 80 8 27 49 22 88 54 48 23   27    88 83 100  100 42 80 60 33 0 0 
0708020202 67 79 56 20 35 16 83 54 38 15 56 37 35 45 29 26 99 79 91 91 100 43 80 60 67 0 0 
0708020203 76 80 29 19 10 10 70 55 54 7   45 68   88 75 100 100 100 23 80 60 0 0 0 
0708020204 75 77 100 10 27 5 91 57 78 1 72 43  31 31 12 37 88 100  100 57 80 60 50   
0708020205 76 80 44 14 25 8 85 62 65 2       63 91 100 100 100 54 95 90 50 50  
0708020206 71 79 23 19 39 10 85 55 72 8   41 81   63 88 100 100 100 47 80 60 40 0 0 
0708020207 64 78 20 16 27 15 78 59 54 17 50 65 36 76 82 6 79 86 96 60 100 31 84 56 33 0 0 
0708020301 57 76 82 22 35 15 77 45 39 21 60 51 33 34 34 13 61 72 78 100 100 38 60 40 70 0 100 
0708020302 71 80 85 22 0 8 0 50 45 23 60 71  43 33 6 97 0 0 100 100 0 60 40 67 0 50 
0708020303 74 80 45 17 35 11 61 52 49 12 47 63 42 43 62 18 92 53 66 0 100 26 60 40 40 0 0 
0708020304 71 81 29 23 23 19 27 48 86 10  56 43 81 86  93 59 17 100 100 0 70 50 0 0 0 
0708020401 65 77 58 12 42 9 80 46 50 5 57 51 43 50 37 18 45 80 78 20 100 67 100 40 0   
0708020402 71 79 73 12 33 6 84 51 71 4       65 91 79 15 100 49 100 40 0   
0708020403 64 79 68 11 28 8 74 46 77 10   32    0 71 77 100 100 50 100 40 0 0 0 
0708020404 66 76  12 44 14 93 53 49 11   27    26 98 100  100 72 100 40 67  100 
0708020405 61 78 38 12 29 9 89 41 62 5 70 59 42 43 35 24 0 90 100  100 63 100 40 50   
0708020406 70 75 67 12 36 17 89 54 52 21 55 64 32 62 31 29 38 88 93 100 100 56 100 40 80 0 33 
0708020501 52 78 100 7 22 3 79 44 56 4 62 35  41 39 18 34 80 93 100 100 64 100 60 67   
0708020502 59 78 78 10 42 8 83 44 70 5 64 43  57 37 18 0 86 87 97 100 67 100 60 33 0  
0708020503 58 78 67 10 30 13 81 48 51 12 56 66 43 65 43 24 77 85 85 87 100 54 100 60 50 0 100 
0708020504 58 79 100 5 35 2 78 50 69 2       50 92 100 100 100 68 100 80 0 0 0 
0708020505 44 79 100 5 44 4 83 45 69 2   2    50 80 100 52 100 75 100 80 0 0 0 
0708020506 63 76 67 5 0 12 0 48 65 21 53 65 37 65 24 29 72 25 85 100 100 52 100 60 33 33 0 
0708020507 77 76 73 16 0 20 0 57 45 29 60 54 41 49 36 22 92 0 0 64 100 0 100 40 31 15 80 
0708020508 41 79 43 6 32 7 87 46 55 9 65 53  59 63 21 78 85 100 36 100 73 100 93 33 0  
0708020509 66 79 40 11 13 11 0 58 53 18 59 53 35 56 45 18 76 32 3 83 100 47 89 40 43 0 0 
0708020510 64 82 39 9 31 9 73 59 64 12 25 59 40 64 46 51 60 93 100 100 100 37 80 40 33 0  
0708020511 46 81 85 10 31 14 68 54 52 20 42 63  55 57 14 87 79 96 90 100 53 80 40 60 33  
0708020512 40 82 100 9 16 13 77 53 61 6 39 56  68 37 24 84 78 100 100 100 53 80 40 0 0  
0708020513 65 87 54 22 0 21 55 59 64 5 44 73  47 42 29 83 91 100 76 100 34 80 40 75 0  
0708020514 44 79 78 5 3 5 4 47 43 5       82 0 25 46 100 78 80 40 0   
0708020515 52 83 32 29 15 32 0 56 61 45 11 47 20 27 26 18 95 0 0 100 100 23 80 40 0 0 33 
0708020601 56 84 52 20 0 18 0 59 63 12 40 63  50 60 21 93 20 0 100 100 18 80 40 40 0  
0708020602 45 88 35 20 6 22 80 59 75 11 59 64  45 53 14 96 79 93 84 100 40 80 40 100   
0708020603 38 81 89 18 46 20 85 56 74 5 55 50  68 33 35 85 65 100 100 100 41 80 40 100   
0708020604 31 86 55 37 42 50 74 56 67 61 49 58 40 49 30 22 96 26 92 57 100 40 86 57 57 0 50 
0708020605 52 79 81 6 14 5 43 52 46 2 71 33  46 17 10 74 60 81 77 100 60 80 40 0   
0708020606 38 80 89 9 27 10 84 54 62 8 39 48  43 36 10 47 89 100 87 100 44 80 40 40   
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0708020607 39 79 82 6 8 10 67 45 34 3 56   14 20  62 57 97 67 100 56 80 40 50 0  
0708020608 62 82 64 34 50 41 80 56 59 60 32 29 31 50 26 35 45 84 98 100 100 43 80 43 40 0 100 
0708020701 67 70 89 14 44 9 92 37 22 13 36 30 0 3 14  3 93 100 100 100 66 60 20 60 0  
0708020702 75 73 76 9 29 3 82 43 39 4 41 37 30 40 28 18 24 79 85 100 100 55 60 20 17 0  
0708020703 69 74 63 13 48 8 81 38 61 10   40    0 83 92 100 100 62 93 85 20 0 100 
0708020704 68 72  15 38 7 93 31 49 3 36 70  69 43 21 0 93 100  100 63 80 20 50 0  
0708020705 61 77 59 10 26 6 76 37 58 3       0 66 100 97 100 66 80 20 0 0  
0708020706 67 72 97 16 32 9 86 32 66 5 3 39 35 49 32 56 0 84 96 100 100 64 80 20 10 0 0 
0708020707 50 74 85 7 35 8 90 31 49 2   45 22   0 88 93 100 100 76 80 20    
0708020708 57 76 100 9 36 5 96 30 62 2 35 56  42 25 12 14 93 100 100 100 87 80 20 100   
0708020709 47 79 46 25 35 21 75 39 70 13 27 61 41 87 34 35 39 70 86 100 100 60 88 52 22 0 14 
0708020801 32 79 100 9 15 11 0 31 50 11 28   19 4  63 0 0 71 100 98 80 20    
0708020802 26 80 83 11 31 18 80 32 48 14       85 83 100 100 100 100 80 53 100 100  
0708020803 24 80 49 16 16 31 77 41 53 13       87 79 89 100 100 78 80 60 0 0 0 
0708020804 36 80 66 16 30 26 81 37 47 43 22 50 16 51 24 6 89 77 84 91 100 98 80 37 0 0 0 
0708020805 30 81 52 14 24 26 82 47 48 17 32 54  32 26  77 91 98 100 100 55 80 60 100   
0708020806 19 80  13 15 33 94 34 24 9 66 51  44 26 20 83 97 100  100 87 80 60 17 0  
0708020807 28 81 36 28 43 54 82 38 40 63 40 63 7 59 33 35 90 83 100 100 100 87 80 60 60 0 25 
0708020808 27 79 96 11 7 22 74 31 21 9 36 45  50 21 14 16 83 87 100 100 85 80 60 0 0  
0708020809 31 83 100 28 36 57 81 37 37 53  51 19 41 21  81 89 84 42 100 89 80 60 0 0 0 
0708020810 37 83 53 41 52 53 54 42 50 84 33 55 28 8 13  95 0 88 100 100 35 80 60 42 11 0 
0708020901 25 80 77 18 9 33 0 40 35 11       96 13 0 45 100 37 100 40 0 67 0 
0708020902 21 83 90 18 19 35 71 35 21 18 23 44  43 29 21 86 89 100 100 100 46 63 43 50 0  
0708020903 19 85 100 27 22 48 85 25 29 9       89 95 100 100 100 63 0 60    
0708020904 22 84 76 21 15 44 88 27 27 17 32 43  22 48  64 94 100 87 100 78 0 60 50 0 0 
0708020905 26 83 87 19 20 37 84 22 35 15       68 93 100 100 100 69 0 60    
0708020906 23 81 58 21 23 37 69 29 51 23 32 48 44 50 22 12 28 84 97 0 100 4 0 60 67 0  
0708020907 38 78 67 23 0 30 0 40 54 33 24 33 38 35 20 6 86 3 0 77 100 0 88 52 0 0 0 
0708020908 41 81 64 33 39 39 83 34 55 28 31 45 47 32 28 22 51 92 100 100 100 46 80 60 57 0  
0708020909 44 78 98 26 32 22 74 27 63 5 34 56 16 77 38 50 0 85 72 100 100 42   100   
0708020910 47 78 67 29 48 30 78 28 58 2       78 85 100 93 100 59   100   
0708020911 57 78 30 42 54 40 77 37 66 56 48 41  73 14 41 78 89 95 100 100 45   20 0 0 
0710000201 62 50 100 33 46 21 71 18 71 29   13    61 69 91 100 100 71 100 80 100 100 100 
0710000202 78 56 78 25 49 5 99 21 29 31    35   0 94 100 100 100 80 100 80 0 0  
0710000203 63 58 100 11 29 5 95 25 39 15       0 90 100 100 100 63 100 80 50 0  
0710000204 65 55 41 18 51 17 90 18 72 26 49 31 38 14 15  11 87 95 100 100 78 100 80 100  100 
0710000205 83 58 33 17 44 3 82 21 45 15    46   2 70 63 100 100 60 100 80 0 0 0 
0710000206 80 60 100 4 40 0 91 23 27 12 22 49  41 36  0 90 100 100 100 67 100 80 100   
0710000207 79 61 56 6 23 2 87 24 31 8       16 92 100 100 100 60 100 80    
0710000208 81 61 74 16 59 7 92 20 45 16 70 53 32 46 31  0 93 100 100 100 65 100 80 0  33 
0710000209 77 68 44 15 42 5 64 20 61 12  49 7 38 58  50 74 83 100 100 48 100 80 25 0 0 
0710000301 74 57 89 23 31 6 98 19 30 41 42 41  19 27  75 96 100 100 100 87 100 100 50 0  
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0710000302 70 59 100 5 37 0 83 26 12 32       11 80 85 65 100 73 100 100    
0710000303 70 59 100 20 59 9 90 20 85 30 41 31 39 46 30 24 0 90 91 100 100 76 100 100 100   
0710000304 67 66 78 9 17 3 94 36 40 14 43 56  30 26 9 0 91 96 100 100 73 100 100 63   
0710000305 69 59 93 10 44 3 94 23 44 23 34 50  36 31 15 13 91 100 100 100 68 100 100 50 0 0 
0710000306 74 61 95 12 42 5 95 27 65 15 32 45 13 35 23 9 6 93 100 100 100 70 100 100 100  100 
0710000307 80 62 77 5 24 1 86 23 23 8 45 48  45 43 9 0 87 89 0 100 59 100 100 100   
0710000308 74 63 67 16 36 12 70 26 85 16 64 53 41 49 35 15 35 71 71 100 100 45 100 100 40 0 33 
0710000309 77 68 67 10 51 6 90 25 62 10   48    53 93 100 100 100 76 100 100 0 0  
0710000401 78 60 77 10 22 3 90 25 25 11 49 67  30 24  30 96 100 100 100 71 100 100 67   
0710000402 83 66 90 15 43 4 81 24 58 2    68   84 90 88 80 100 55 100 100    
0710000403 81 65 100 16 26 6 73 24 61 3 55 55 24  44 38 77 69 94 100 100 60 100 100 67 0  
0710000404 76 71 89 15 31 7 81 22 63 7 57 57 20 27 32  63 84 94 100 100 39 95 100 63 25  
0710000405 82 73 87 22 38 7 88 21 51 4       84 50 81 100 100 77 100 40 50 0 0 
0710000406 80 72 97 34 36 16 31 22 64 6 57 51 43 49 27 15 89 42 0 97 100 52 93 40 50 0 0 
0710000407 61 78 34 52 63 36 74 25 91 14 58 60 40 55 24 6 78 78 91 100 100 72 100 40 17 0 0 
0710000408 67 78 33 17 31 10 76 26 75 9       95 85 100 0 100 52 100 40 0 11 100 
0710000409 70 71 43 6 13 8 54 29 66 7 57 64 24 35 35 12 60 75 97 50 100 64 95 76 60 0  
0710000410 67 70 73 44 0 35 0 23 70 92  29 23  11  100 0 0 100 100 0 60 40 17 17 33 
0710000501 83 65 92 5 35 1 92 28 40 6       45 91 100 100 100 75 80 20    
0710000502 90 66 79 4 15 1 90 32 36 2 55   39 26 6 0 89 88 100 100 71 80 20 50   
0710000503 87 68 67 5 25 1 95 32 30 4 42 51  49 32 25 6 93 100 100 100 77 80 20 50   
0710000504 80 69 89 8 37 3 82 32 34 5    65   49 83 92 100 100 78 80 20 0   
0710000505 69 72 71 7 48 3 92 30 75 10 20 54 26 68 33 41 37 95 100 100 100 71 80 20 67 0  
0710000506 81 70 93 10 39 7 75 27 59 4 66 28 68 46 15 18 0 62 68 0 100 68 80 20 60 0  
0710000507 68 75 87 33 55 14 73 26 93 7 47 45 46 55 45 29 32 75 76 100 99 56 80 20 0 0  
0710000601 77 59 100 16 26 2 90 29 24 3 45 56  43 20 12 2 93 100 20 100 55 80 40 75   
0710000602 78 60 100 9 14 2 85 29 14 2 39 26  51 46 12 0 84 85 0 100 54 80 40 50 0  
0710000603 74 60 76 12 18 4 74 33 49 7 47 63 37 64 37 12 0 64 96 100 100 47 80 40 60 0 50 
0710000604 61 63 61 13 15 10 80 40 47 17       0 88 100 89 100 48 60 60 60 50  
0710000605 77 62 100 6 26 2 89 29 36 3    65   0 87 100 75 100 53 60 60    
0710000606 79 63 93 14 32 4 74 26 54 8    65  18 59 78 100 100 100 44 60 60 33 0  
0710000607 77 65 100 5 30 6 96 28 65 9 30 63  27 14 12 33 98 100  100 61 60 60 50   
0710000608 72 64 92 14 32 12 93 32 88 7 18 43 36 59 28 15 0 92 98 100 100 47 63 57 14 0 0 
0710000609 77 66 100 11 16 5 85 25 63 9 28 64  42 32 12 76 86 100 100 100 54 60 60 100   
0710000610 79 66 100 8 12 4 87 29 57 8 9 26 48 19 0  13 80 89 100 100 61 60 60 100   
0710000611 76 70 100 7 32 3 92 27 51 7 30 51  58 34 9 66 90 100 100 100 69 60 60 100   
0710000612 79 69 100 13 36 4 94 27 60 8 37 49 64 50 37 24 60 85 100 100 100 75 60 60 75 0  
0710000613 69 67 100 11 34 6 97 35 80 11       63 94 86  100 54 60 60    
0710000614 64 66 93 26 38 20 89 32 88 15 48 42 35 69 33 12 70 88 100 100 100 50 60 60 60 0 100 
0710000615 65 69 42 25 42 19 71 31 81 18 38 29 42 68 16 6 76 48 78 84 98 74 60 60 100 0  
0710000616 72 63 88 10 0 9 0 22 67 8 42 36 0 47 21 6 89 0 0 100 100 0 40 40 100   
0710000617 51 68 11 29 0 37 0 21 66 75 32 47 37 47 55 6 97 0 0 54 100 0 40 40 60 50 33 
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0710000701 64 67 76 13 28 8 92 39 38 8       46 87 93 100 100 53 100 100 100   
0710000702 41 64 89 10 17 12 67 49 39 3 31 53 11 35 42  0 74 79 100 100 38 100 100 75 0  
0710000703 19 69 50 4 13 19 88 44 34 6 35 47  16 21 6 35 93 100 100 100 60 100 100 17 0  
0710000704 15 79 0 18 41 56 93 41 65 13 38 56 0 8 25  0 91 64 100 100 42 100 100 50 0  
0710000705 65 68 60 11 45 8 94 36 77 5 14 62  47 32 6 62 92 100 100 100 64 100 100 100   
0710000706 37 74 67 38 59 44 85 38 69 36 27 62 28 50 37 12 83 91 100 100 100 24 100 100 90 0 100 
0710000707 15 80 67 25 61 68 95 40 69 27 17 73 17 57 36 15 99 92 93 100 100 49 100 100 50 0  
0710000708 67 68 100 15 33 7 93 29 46 4       70 95 100 100 100 83 60 60    
0710000709 30 74 44 31 48 53 69 29 73 42  52 25  49  94 68 100 100 100 64 60 60 0 0 0 
0710000801 74 68 97 13 0 10 0 21 67 8 19 61  56 25 6 84 0 0 100 100 0 40 40 100  100 
0710000802 31 73 0 15 30 32 86 23 74 11 21 62  41 30 12 89 88 87 100 100 75 100 100 100   
0710000803 24 72 100 13 24 28 92 26 63 11 20 39 4 39 29 6 69 94 100 61 100 67 100 100 100   
0710000804 25 77 29 23 43 51 44 17 66 34 23 39  47 19 12 84 76 85 100 99 49 88 76 50 0 50 
0710000805 16 82 100 28 52 70 95 11 92 15       95 97 100 81 100 85 60 100    
0710000806 17 77 47 18 33 54 87 32 75 19 31 56 2 27 33 9 91 90 99 0 100 69 60 100 50 0 50 
0710000807 24 80 100 22 39 47 53 16 58 32 39 43 0 59 32 12 96 69 69 91 93 54 40 40 0 0 0 
0710000808 13 86 86 34 46 84 87 5 67 19       95 92 94 100 100 66 80 100 50 0 50 
0710000809 14 86 63 27 43 80 93 8 79 14       95 96 95 100 100 80 80 100 0 0  
0710000810 9 90 100 26 59 86 93 3 69 21       95 97 96 100 100 84 80 100    
0710000811 16 80 100 22 20 41 85 5 74 19       96 93 100 0 100 73 40 40    
0710000812 25 81 100 25 46 51 61 5 54 37  51 7  27  88 66 36  100 39 40 40 0 0  
0710000813 8 91 100 36 52 92 79 2 67 23 34 47  26 26 6 96 87 63 100 100 73 60 100 0 0 0 
0710000814 11 84 100 28 32 65 75 1 66 47  55 15 24 40  93 81 71 0 72 63 64 84 0 0  
0710000815 34 79 86 33 16 42 22 14 52 100 24 46 33 27 21 12 89 54 55 71 91 66 80 53 13 0 0 
0710000901 8 85 100 32 33 68 86 2 76 14 26 24 22 27 27 6 100 92 100 100 38 71 100 60 33 0  
0710000902 4 89  41 55 82 96 1 78 11 6 38  41 21 12 98 96 100 93 62 85 0 100 33 0  
0710000903 9 91 100 39 62 85 91 2 83 14 18 51  32 24 12 95 93 100 97 29 83 20 92 33 0  
0710000904 30 78 100 17 0 28 7 9 50 9 36 50  30 19 12 60 62 29 0 0 63 100 60 0   
0710000905 22 83 33 28 34 49 72 10 76 38   22    69 82 85 100 51 84 100 60 25 33 0 
0710000906 9 94 100 52 71 99 96 3 67 22 17 60  35 30 12 88 97 100 58 90 89 100 100 33 0 0 
0710000907 12 89 81 45 58 80 45 6 81 26 42 32 26 48 20 12 93 57 86 100 80 86 100 60 50 25 25 
0710000908 12 87 100 39 40 63 91 5 100 7       88 96 100 100 100 86 100 100    
0710000909 5 94  38 59 94 94 3 86 17 57 57  53 33 18 83 98 100  100 94 100 100 100   
0710000910 4 90  48 49 90 88 3 81 18       100 95 100  100 98 100 100 100  100 
0710000911 19 89 100 40 47 56 85 5 88 6       96 93 93 100 100 82      
0710000912 13 88 100 54 55 78 87 4 89 21 11 44 39 37 22 16 88 91 87 100 95 91 100 100 50 0 20 
0711000101 19 88 100 14 24 54 86 1 46 4       73 96 100 48 100 93      
0711000102 18 93 100 22 39 73 82 3 54 13 29 40 13 34 30 7 81 86 90 100 100 86   50 0  
0711000106    100 100  94  0        100  100  100 100      
0711000107 26 92  11 32 50  1 65 5       4 99 100  100 93      
0711000108 19 96  19 45 68 91 2 60 10       74 96 100  100 94      
0711000201 10 100  20 42 92 95 3 63 10 13 45  26 24 6 64 97 100  100 97   50   
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1017020317 30 15  20 38 28 99 35 52 23       0 93 100  100 88   0 0  
1017020319 30 0 58 34 39 29 93 40 61 26   19    0 84 100 100 100 90   0 0 0 
1017020320 25 11  6 0 5 81 50 44 0 30 52  12 33  0 74 100 74 100 81   0 0  
1017020321 39 5 75 20 18 13 75 48 41 36  37   23  0 68 85 100 100 83   0 0 0 
1017020322 16 10 100 8 7 7 95 58 47 3       0 89 100 100 100 87   0 0  
1017020324 0 11  42 33 41 100 65 44 13 30 33  19 22  12 96 100 100 100 80   0   
1017020325 14 8 41 52 37 51 79 66 35 54 27 30  14 30 6 57 83 69 100 100 69   25 0 0 
1017020402 50 22 0 21 60 13 100 21 93 31       0 100 100  100 85 80 80 0 50 0 
1017020403 46 20  18 57 13 97 21 79 24   0    12 97 100  100 85 80 80 0 33 0 
1017020404 30 11 43 5 0 7 93 32 50 6 45 42  27 27 6 0 83 100 100 100 87 80 80 0 0 0 
1017020405 68 34 46 10 0 4 80 29 52 6    45   0 83 91 100 100 84 80 80 50   
1017020406 55 25 7 14 17 6 91 28 67 11 40 52 0 52 31 9 0 92 100 100 100 79 80 80 0 0 0 
1017020407 48 20 13 17 34 10 88 29 67 13  55 12  29  0 83 100 100 100 86 80 80 33 0 0 
1017020408 35 5 47 16 5 11 81 36 51 23 34 56  57 19 6 0 81 100 100 100 78 80 80 0 0  
1023000103 49 4 55 36 15 31 0 70 31 53 28 42  11 21  83 12 0 92 100 17   13 0 33 
1023000104 97 17 25 23 47 12 76  8 18       99 78 84 95 100 39   45 0 0 
1023000105 7 46 40 4 5 9 94 58 34 15       41 92 99 98 100 69 40 100 100   
1023000106 31 38 55 20 37 38 94 67 25 25 36 47 0 24 22 6 92 44 100 100 100 70   67 33 0 
1023000201 36 25 30 4 2 3 81 48 36 1 40 50  22 25  0 80 89 100 100 76 40 60 0   
1023000202 38 22 100 4 11 2 73 48 39 1       0 86 87 100 100 64 40 60 0   
1023000203 55 30 24 8 0 3 71 35 47 3 38 53 23 33 31  0 78 89 30 100 78 40 60 20  100 
1023000204 34 16 52 7 0 6 80 47 35 3 49 66 0 28 37  0 78 91 0 100 69 40 60 0   
1023000205 15 5 80 29 22 28 4 51 39 33 33 44 0 30 23 12 12 28 41 81 100 14   0 0  
1023000301 64 47  28 50 9 87 20 65 39       45 82 100 100 100 91 100 100 83 50 0 
1023000302 58 51 42 67 33 35 0 19 32 100 42 14  43 18 9 95 48 92 100 100 2 100 80 67 50 50 
1023000303 62 45  49 49 25 93 18 69 34 33 44 31 49 29 15 73 93 100  100 81 100 100 40 33  
1023000304 80 43 0 12 8 6 93 23 28 11 27 28  41 30 6 0 86 100 81 100 85 100 80 0   
1023000305 76 42 32 16 11 6 85 25 42 9 32 34 34 32 25 6 0 82 95 100 100 75 100 78 50 0 100 
1023000306 75 45 13 13 37 4 79 22 70 13 24 30  30 33 12 79 85 100 100 100 80 80 87 50 0 0 
1023000307 71 52 65 30 49 13 92 22 40 29       61 90 100 0 100 79 80 100 54 0  
1023000308 86 44 10 31 39 12 65 22 73 14 26 43 35 36 25 6 48 70 100 100 100 68 90 80 0 0 0 
1023000309 83 49  13 26 7 95 30 81 0 23 39  30 33 6 26 95 100 100 100 81 80 100 0 0  
1023000310 61 44 67 18 11 11 90 32 63 1 14 51 17 35 32 8 0 85 95 100 100 79 80 100 100   
1023000311 62 57 46 22 31 23 94 27 78 14 37 55 34 25 34 8 42 93 100 80 100 77 80 100 64 0 67 
1023000312 54 40 70 12 14 7 88 39 65 3 36 50 34 32 27 6 0 89 100 100 100 83 100 100 60 100  
1023000313 38 53 0 27 56 39 100 26 77 51 21 56 31 26 32  56 96 100 100 100 87 90 100 60 50  
1023000314 24 45 75 13 21 18 85 46 69 12 5 42 25 21 25 6 55 81 90 100 100 76 100 100 57 0 100 
1023000315 20 39 62 29 30 45 97 62 35 20 15 60 31 23 29 6 71 96 100 100 100 73   40 25 100 
1023000401 30 31 100 7 6 4 92 53 53 1 40 48  15 20  0 90 100 100 100 79 100 80 33   
1023000402 8 22 23 14 17 18 89 61 37 45 8 35  24 22  51 89 97 100 100 65 100 80 0 0  
1023000403 11 30 83 15 16 20 99 67 23 8 3 17  11 13 6 84 99 100  100 78   100   
1023000404 44 13 68 9 36 12 81 71 13 2  58   23  47 89 91 69 100 45   33 0  
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1023000405 100 22 0 5 43 2 78  3 0 1 52  24 21 6 100 42 100 100 100 55   100   
1023000501 45 57 100 2 8 1 93 41 59 2 31 61  23 18  31 93 100 97 100 79 60 100 60  100 
1023000502 25 52 49 2 13 6 88 45 54 4 21 63  28 20 6 59 82 98 91 100 51 60 100 50   
1023000503 13 42 28 13 21 25 92 53 39 34 38 59 0 22 24 6 66 90 88 100 100 58   80 50  
1023000603 6 47 39 10 30 21 88 66 22 51 16 59  8 20  91 29 100 81 100 43   100   
1023000604 13 49 52 9 8 17 49 61 23 26 15 46  20 26 6 86 62 85 100 100 4   20 0  
1023000605 57 35 33 27 64 25 76 71 15 31       98 0 89 100 100 52   40 0 0 
1023000606 62 35 50 38 42 36 0  11 74       100 0 0 100 100 0   0 0 0 
1023000701 15 58 88 6 9 14 72 48 36 13       37 73 76 91 100 67 60 100 50 100 100 
1023000702 26 58 3 7 22 11 87 44 53 5 20 58 11 30 29 8 27 87 94 100 100 74 60 100 100   
1023000703 11 52 32 16 40 33 87 55 42 74   0    61 76 65 70 100 66 60 100 75 67  
1023000704 7 45 21 15 29 25 94 66 25 27       55 86 78 100 100 57   50 100  
1023000705 52 38 43 15 29 25 83 72 14 2       99 44 100 85 100 50   100   
1023000706 18 47 21 19 42 28 78 59 33 30 22 43  27 26 6 76 78 100 100 100 38   75 0 100 
1024000101 21 52 28 15 26 19 70 63 30 46 22 49  15 25 12 83 67 82 100 100 0   0 0 33 
1024000103 58 49 18 33 65 40 82 67 22 49 4 43  5 35  90 95 91 100 100 58   33 0 50 
1024000201 18 62 100 3 17 11 89 52 29 7 31 46 0 30 22 12 12 94 100 0 100 63 100 100 67 0 0 
1024000202 21 58 17 4 20 8 79 52 27 5 29 53  19 22 16 56 82 93 100 100 60 100 100 60  100 
1024000203 20 63  7 24 11 93 53 38 10 39 50  19 25 12 80 95 100 100 100 73 100 100 0   
1024000204 21 65 87 6 12 9 84 41 40 11 21 68  8 32  76 94 69 100 100 71 100 100 100   
1024000205 32 59 24 10 29 14 84 56 36 23 5 56 15 24 26 18 82 86 77 78 100 70 100 100 60 0 100 
1024000206 21 55 18 6 26 8 83 61 20 13 20 52  20 14  84 78 95 84 100 52   67   
1024000207 24 64 100 6 23 13 89 52 28 6 47 49  22 27 12 88 95 100 100 100 77   100   
1024000208 39 54 9 18 49 19 89 52 31 29  57   29  86 94 97 100 100 75   50 0  
1024000301 16 71 14 4 20 21 80 43 33 9 11 64  16 28 6 59 85 86 100 100 39 40 100 0 0  
1024000302 17 66 11 4 23 13 83 45 27 8 24 83  22 20 12 32 83 84 94 100 39 40 100 67   
1024000303 17 74 100 6 28 38 79 39 36 21       86 92 100 53 100 38 40 100 0 0 0 
1024000304 16 65 3 3 28 12 88 49 38 8 30 59  22 24 12 85 91 97 100 100 54 40 100 100   
1024000305 23 69 67 5 12 17 66 45 40 20 34 68 28 19 23  52 74 45 100 100 36 40 100 100 100 100 
1024000306 34 68 73 10 43 25 83 45 37 19 26 42 28 37 30 14 78 89 70 0 100 60 40 100 100   
1024000307 34 61 12 18 44 23 68 49 41 23 10 48 22 14 23  96 72 62 60 100 80   50 0 100 
1024000401 19 52  8 4 10 96 59 12 2       100 98 100  100 82      
1024000402 56 47 36 32 65 36 78 53 18 15 25 40 21 19 20 6 78 84 75 100 100 78   0 0 0 
1024000503 26 58  4 0 10 90 57 8 1       100 100 100  100 99      
1024000505 24 63  10 17 20 91 49 28 3 15 55  17 28 6 87 100 100  100 72   50   
1024000506 20 69 90 11 25 32 90 43 43 4 10 77 0 16 36 6 91 97 100 100 100 75   100   
1024000901 14 74 38 4 13 42 95 34 37 6       76 99 100 97 100 66 100 100 0 0 0 
1024000902 15 73 9 5 5 40 85 29 41 6 33 60  24 27 12 82 88 100 100 100 52 100 100 67 100 100 
1024000903 20 69 100 5 20 23 88 38 35 7 19 69  19 36 6 80 98 100 88 100 55 100 100 100   
1024000904 18 73 5 5 41 41 91 35 50 17 26 52  27 34 6 87 94 100 100 100 68 100 100 100   
1024000905 22 75  16 40 62 88 31 61 14   0    83 99 100 100 100 92 100 100 0   
1024000906 24 74 14 14 54 52 82 37 51 12       61 93 89 32 100 85 100 100 50 0  
1024000907 30 72 25 15 30 43 64 36 53 12 13 28 0 49 19 18 96 82 58 68 100 81 100 100 0 0 0 
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1024001001 25 74 75 13 31 52 87 24 55 13 18 55 0 36 37 9 75 93 96 100 100 84 100 100 33 0 50 
1024001002 19 74 17 23 33 56 91 37 66 7       97 96 100 100 100 73   0 33 50 
1024001201 23 74 100 13 29 42 82 15 57 8   12    69 83 82 100 100 74   20 50 0 
1024001202 14 79  16 29 46 96 18 62 8 30 73  14 28 6 0 100 100 100 100 88   100   
1024001301 14 81 100 15 12 56 87 20 61 10   31    70 96 100 100 100 79   0 0 0 
1024001302 18 77 100 10 22 48 91 24 47 7 21 45 34 32 37 6 83 96 100 100 100 90   0 0  
1024001303 11 81  11 12 51 93 32 72 5 42 34 0   6 100  100  100 81    0  
1028010101 10 85 0 15 35 75 89 9 56 12       68 96 100 100 100 81   100 0  
1028010103 7 86  15 13 85 74 11 47 9    21 22  72 82 83 100 100 87   0   
1028010104 8 90 100 16 37 81 93 8 54 12 36 27  14 26 6 73 97 100 72 100 92   67   
1028010106 18 80  24 41 78 97 11 65 17       88 98 100  100 97      
1028010109 8 93 100 12 27 74 81 9 48 14       94 91 100 100 100 84   100   
1028010201 13 83  25 45 79 91 13 72 32       82 94 100 100 100 84 60 100 88  0 
1028010202 13 81 100 16 41 64 90 16 77 17  65  20 21  73 95 96 100 100 74 60 100 33 0 0 
1028010203 7 90 100 28 50 88 92 4 72 14  57  19 29 12 89 97 100 100 100 76 60 100 100   
1028010204 5 94  25 55 100 96 3 77 19       45 91 100 100 100 97 60 100    
1028010205 13 89  31 59 89 90 9 73 32  47 0 27 30 12 87 93 100 100 100 87 60 100 67 0  
1028010206 21 90 100 27 55 82 83 9 65 17  50 0  41  100 78 100 100 100 88   33 33 0 
1028010207 7 95 100 28 65 97 77 2 62 21   0 22 16  67 88 100 100 100 72   0 0 0 
1028010208 9 95 100 27 62 91 93 1 78 11  30  30 22 9 87 98 100 100 100 91   50 0  
1028010211 13 93 100 11 5 57 82 3 67 4       100 86 100 98 100 86      
1028010301 17 92  0 0 42 92  2 2       0  100  100 100      
1028010302 9 99  20 11 91 92 2 62 8  13   16  95 97 100 76 100 91   0 0  
1028010307 11 99  18 39 83 98 4 73 9       100 99 100  100 93    100  
1028020101 13 96  23 45 79 90 0 65 21  25 10 35 32 7 94 91 100 91 100 88 100 100 25 0 0 
1028020102 14 93 100 28 44 72 88 0 64 45  29 27 29 22 9 92 95 100 100 99 86 100 100 29 0 0 
1028020103 11 98 100 26 57 87 92 5 82 8  22 41 30 19 12 95 90 100 0 97 90   100   
1028020104 17 95 100 27 52 80 80 2 80 18  44  43 27 12 99 85 90  99 83   0 0 0 
1028020105 22   5 100 55 100  66 0       94  100  100 100      
 
